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NOTICE

This report was prepared as an account of Government sponsored

work. Neither the United States, nor the National Aeronautics

and Space Administration (NASA), nor any person acting on
behalf of NASA:

A.) Makes any warranty or representation, expressed or

implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this

report, or that the use of any information, apparatus,

method, or process disclosed in this report may not

infringe privately owned rights; or

B.) Assumes any liabilities with respect to the use of,

or for damages resulting from the use of any infor-

mation, apparatus, method or process disclosed in

this report.

As used above, "person acting on behalf of NASA n includes

any employee or contractor of NASA, or employee of such con-

tractor, to the extent that such employee or contractor of NASA,

or employee of such contractor prepares, disseminates, or

provides access to, any information pursuant to his employment

or contract with NASA, or his employment with such contractor.

Requests for copies of this report
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National Aeronautics and Space Administration
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Washington 25, D.C.
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ABSTRACT

The program described in this report consisted of two basic

tasks: analytical and design studies, and component testing; leading to

the preliminary design of a hydrogen-oxygen fueled space auxiliary

electric power generating system. The studies included:

. Evaluating the effect of propellant supply conditions

on system configuration and performance.

o Evaluating adaptability of the system to various space

missions o

. Preliminary design studies of an internal combustion

prime mover, propellant supply components, power

controls, electrical generator and voltage regulator,

starting system, and other system components.

4. Materials selection°

5. Reliability studies°

Components which were designed, constructed and tested in

prototype form included an internal combustion engine operating on

hydrogen and _ygpn (nnr_..qfc_irhiom_fv'ir_.= _ cryogenic hydrogen gas

compressor, and a regenerative heat exchanger. The res_Lts of the

analysis and design studies and the preliminary design of a flight-type

auxiliary power system are presented° The component test results

are presented and discussed. _ _']7/6q]_t
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1.0 INTRODUCTION, SUMMARY, AND CONCLUSIONS

1.1 Introduction

This report covers the results of the work accomplished

under NASA Contract NAS3-2550 v from July 1, 1962 v to

May 31, 1963. The basic objective of the program was to

conduct an engineering study culminating in the prelimi-

nary design of an electrical power generating system

capable of operating on hydrogen and oxygen in a space

environmen L and to conduct preliminary testing on criti-

cal system components.

This program is a continuation of work which was initiated

by the USAF-ASD under Contract AF-33(616)8406. Under

the ASD contract_ the feasibility of operating an internal

combustion engine was demonstrated, and the oxygen-in-

jection type engine was determined to have performance

characteristics superior to the carburetted type. During

the NASA program described herein, development testing

on the oxygen-injection type engine was continued_ and

development testing was initiated on a cryogenic hydro-

gen compressor and a regenerative heat exchanger.

Concurrently with the component development work_ ana-

lytical and design studies were conducted to provide guide

lines for the test program and to provide, in conjunction

with the test program_ a sound basis for the design of a

space auxiliary power system° The contract Statement

of Work appears in Appendix A of this report for refer-

ence purposes.
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1.2 Summary

For the requirements of this program_ parametric studies

have shown that the best system configuration consists of a

H2-O 2 internal combustion engine driving an alternator direc-

tly at engine speed. A regenerative heat exchanger_ which

preheats incoming propellants with engine exhaust waste

heat_ contributes to the Low propellant consumption of the

system° Propellant is supplied to the system from either

supercriticaL tankage or as boil-off gases from propulsion

tanks. When operating on boil-off an engine driven com-

pressor boosts the propellant pressure to that required for

engine operation° Specific propellant consumption of a well

developed system is predicted to be 1.02 lbSo per shaft

horsepower hour or 1.52 ibs. per kwh_ with a 90% alter-

nator efficiency° The estimated dry weight of the complete

electrical power generating system is 87 ibs._ which in-

cludes engine_ regenerator_ alternator_ propellant com-

pressor, controls and plumbing° Propellant and tankage is

not included in the above weight estimate. The system is

estimated to occupy a volume of approximately 2 cubic feet.

Studies have shown the H2-O 2 engine concept to be adaptable

to a variety of mission requirements utilizing electrical,

mechanical or hydraulic power. Attractive mission applica-

tions would include propulsion and auxiliary power for a

Lunar Roving Vehicle and for a Space Station emergency

power source°

The present state of development of the internal combustion

engine powered space electric power system may be sum-

marized as follows: the concept of a reciprocating internal

combustion engine burning hydrogen and oxygen has been

2



proven to be mechanically and thermodynamically feasible.

It has been shown that separate injection of the oxygen into a

hydrogen filled cylinder is necessary for combustion control

and that the resulting combustion is smooth, rapid, and

probably complete, with spontaneous ignition. It has been

shown that an oxygen injection mechanism in the form of a

miniature poppet valve, hermetically sealed from its drive

mechanism, gives satisfactory results and has the potential

to be developed into a reliable and accurate metering device.

However, evidence that the performance indicated by the re-

suits of analytical studies can be approached by an actual en-

gine, given the proper combustion chamber environment and

valve timin_ needs to be established.

There is now available an experimental test engine, a two

stage hydrogen compressor_ and a hydrogen exhaust gas heat

exchanger for use in establishing component performance

data. A total of 15.7 hours test time has been accumulated

on the engine, 31.2 hours on the 02 injector_ 11.6 hours on

the hydrogen compressor (first-stage only), and 4.5 hours

on the heat exchanger. The engine has been tested over a

range of speed, power, and valve timing settings, and has

demonstrated consistent performance. A complete combus-

tion study has not been undertaken, but preliminary studies

_-._I_.,,,, _h._f _-_,,_h, laflnr_ ctv_tifir_tinn m_y have a significant

effect on performance. Information is not adequate regard-

ing the mechanism of heat loss from the cylinder and head,

or the extent to which this Loss can be reduced. Trouble

areas on the test engine have been corrected or defined.

The mechanism of engine control has been defined from

test control experience and from the results of the control

study.

3



Testing of the hydrogen compressor was limited to the first

stage only. Performance capabilities were not determined

due to leakage and mechanical drive problems which were

not resolved before the end of the contract.

The regenerative heat exchanger was tested with the engine v

but test results were meager because of time and budget

limitations at that point in the program.

The one remaining question determining the future of a H2-O 2

reciprocating engine as a prime mover for a space power sys-

tem is; how readily can specific propellant consumption be

reduced to acceptable levels? All other system inadequacies

are apparently amenable to development. Considerably more

development testing is necessary to evaluate the causes of

heat loss_ the heat transfer properties of the exhaust gas_

and the amount of turbulence necessary to limit the deleter-

ious effects of charge stratification without unduly raising

heat transfer to combustion chamber wallSo

1.3 Conclusions

While the results of the development test program have !eft

some basic questions regarding performance and durability

of the test components unanswered_ much valuable operating

experience has been gained which will provide a more solid

foundation for future work° The analytica_ and design

studies have provided valuable guide lines for preliminary

design of the flight system and for the development testing

program.

Specific conclusions resulting from the work conducted in

this program are_
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For the requirements of this program an eLectric

power generating system consisting of a fueL-rich

H2-O 2 internal combustion engine, with exhaust

heat regeneration_ driving a highLy efficient alter-

nator_ appears to be the best configuration.

An O/F ratio (oxygen/hydrogen) of 2_ by weight_

provides the lowest system volume if an external

heat sink, e.g., a space radiator, is available for

power system waste heat rejection.

Self-cooling of the power system can be achieved

at O/F between 1° 2 and 1o 4 at a negligible increase

in BSPC_ but with the penalty of increased system

volume due to the larger proportion of tow density

hydrogen required°

For the power prof_!e used as a b,_si$ for the para-

metric studies_ in _which th.:_ _:!°_me-_eigh_ed average

power level was approximately 5G% of the peak power,

the optimum BSPC can be achieved by using a COmr-

bination of throttling and variable admission for power

r.,_._,,l_H,_,_ c,_ntvnt At low power levels, the hydro-

gen is throttled for power control; while at higher

power Levels, power control is achieved by varying

the opening duration of the hydrogen inlet valve at

wide open throttle. Mixture ratio is maintained over

the entire power range Dy throttling the oxygen.

At the present state-of_the.uart of zero gravity cryo-

genic tankage, supercritical storage is preferred to

subcritical storage. Optimum storage pressures for

this system appear to be 300 psi for hydrogen and

900 psi for oxygen.

5
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The system described herein is capable of dual

propellant source operation, io e°, from either super-

critical storage tanks or from boll-off gases derived

from propulsion stage propellants° During operation

on boil-off gases, engine driven compressors boost the

propellant pressures to the same levels as in the super-

critical storage tanks. Except for the compressor

operation, system operation is the same with either

propellant source. Boil-off gases must be relatively

purer i° eo, uncontaminated by inert pressurization

gases, for satisfactory operation of the power system°

The design and development of a 3 kw_ 3 phase_ 400 cps

alternator with an overall efficiency in excess of 90%

appears to be within the state-of-the-art_ by making

use of modern techniques of design and construction°

The H2-O 2 engine lends itself readily to multiple re-

start applications. Electrical starting by use of a

battery and starter motor appears to be the most re-

Liable method and also offers the fringe benefit of a

separate dc _ electrical output, if a starter-generator

is used for this purpose°

The engine speed control can be relatively simple;

essentially consisting of a tachometer-generator_ an

electric servo motor to actuate the engine control

vaives_ and the associated eLectromCSo

The H2-O 2 engine lends itself to a variety of space

missions and tasks_ and can function as a iightweight_

efficient prime mover for providing eiectrical_ hy-

draulic or mechanical power output. Among the

missions for which the engine appears well suited are:
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11.

12.

13.

Lunar roving vehicle

Orbital space station emergency power

Lunar Landing vehicle

Apollo -type spac ec raft

Portable power source for tools

The present oxygen injector is superior in design than

its predecessor. Additional improvements are neces-

sary to reduce flexibility and lost motion between the

cam and the poppet vaLve. Additional testing is re-

quired to verify materials selection.

The regenerative heat exchanger tested in this program

appears to be larger than necessary. This is a tentative

conclusion and it must be verified by additional testing,

particularly at vacuum exhaust conditions.

The basic design of the two-stage cryogenic hydrogen

compressor is believed to be fundamentally sound except

for the flexural members in the internal drive lir_kage.

This linkage must be redesigned before it can be ex-

pected to meet the performance and durability require-

ments. Additional _-*_"^_ _ .... ,,_,_n_ _,,,_,._ i.q al._o
U_ t_ti£_ l_ v _AV_laa_aa_ vv_ ........

necessary in the area of first stage piston ring con-

figuration.

Though the H2-O 2 engine has shown itseLf capable of

achieving specific propellant consumption of less than

2.3 lbSo per hp/hr, at a power leveL of less than 3 hp,

and at off-design conditions_ its full potential has yet

to be demonstrated. The possibility of a 40% reduction

in BSPC exists by identifying and correcting certain,

as yet unidentified, losses. It is believed that these

unaccounted for losses consist primarily of excessive
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combustion stratification, cyclic heat transfer_ leakage,

and excessive engine friction. Additional improvements

can be expected when the engine can be operated at de-

sign conditions with exhaust heat regeneration and

vacuum exhaust.

The salient design features and performance i_!orma-

tion for H2-O 2 APU's are presented in illustrations as

follows. Fig. 1-1 schematically illustrates the general

configuration of the H2-O 2 power unit. Fig. 1-2 is a

general assembly drawing of the 3 kw APU. The esti-

mated weight of similar H 2-O 2 APU's in the power

range of 1 to 10 kay is illustrated in Fig. 1-3. Weight

data are presented for APU_s using both high efficiency

(90%), alternators and Low weight_ but low efficiency

(75%)0 alternators. The propellant consumption curve

shown in Fig. 1-4 is for the high efficiency APUVSo
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2.0 POWER SYSTEM DESCRIPTION

The power system defined in this program consists of an

internal combusion H2-O 2 engine, utilizing oxygen injection,

which drives an alternator. Propellants are supplied to the

power system from supercritical storage tanks or from

cryogenic boiloff gases boosted to engine inlet pressure by

engine driven compressors. Hydrogen and oxygen are pre-

heated by passing through a regenerative heat exchanger

before entering the engine. Each of these components and

the associated plumbing and controls are discussed in

Sections 2.1 and 2.2. An assembly drawing of the system

is shown in Fig. 2-1 and conceptual schematics are shown

inFigs. 2-2 and 2-3.

The components of this system are now in the preliminary

design stage. Their configuration is based on the results

of the parametric design studies_ the control studies, and

the test experience accumulated to date.

The experimental test components built and evaluated in

the test phase of the program were based on earlier designs.

The design differences are discussed in Section 7. The

major design change resulted from reducing hydrogen

pressure° The hydrogen compressor is now a 20:1 com-

pression ratio, single stage compressoi _ discharging at

300 psi instead of the original two stage, 1200 psi compres-

sor which had been built and tested. This change was made

because analysis and preliminary test results showed more

promising performance with a constant volume combustion

cycle and thermal compression instead of the constant

pressure combustion concept with very high inlet pressure,

which was under consideration when the test compressor

was designed. "

11



2.1 SLvstem Description

2.1.1 Svstem Configuration

While control, plumbing, and packaging details of the power

system are not completely defined, all components have been

designed or specified. The major mechanical and electrical

components are described below while the control elements

are described in Section 5.

A simplified conceptual sketch of the system using super-

critical tankage is given in Fig. 2-2. This same system can

use boiloff gases when compressors are employed as shown

in Fig. 2-3. A detailed block diagram of the complete sys-

tem showing flow paths and mechanical and electrical con-

trol paths is given in Fig. 2-4. A description of system

operations is given in Section 2-3.

2.1.2 System Weight and Volume Estimates

At this point in the design of the flightweight system, it is

not possible to ma:<e a precise weight and volume estimate°

Additional information regarding specific application re-

quirements would be necessary to do so, hox-ever_ prelim-

inary weight and volume estimates can now be made which

will serve to put the system into proper perspective_, rela

tire to other types of space power systems°

The estimated weight brem_down is as follo_s*_

12
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3 kw System Dry Weight *

H2-O 2 Engine

Regenerator

Alternator & Exciter

H 2 Compressor

0 2 Compressor

Voltage Regulator

Inverter

Controls

Plumbing

To tal

14 Ibs.

12

35

3**

2**

1

9

6

5

87 Ibso

ExDendibles and Tankage Weight

Hydrogen

Oxygen

Lubricating Oil

LH 2 S upercritical Tankage

LO 2 S upercritical Tankage

Oil Tank (bladder type)

0o 5 lbso per kwh

1.0 lbSo per kwh

0.015 lbso per kwh

0o 4 lbSo per kwh

0o 2 lbso per kwh

0o 0015 lbso per kwh

Radiator weight is not included because the power system

may share heat rejection elements with other vehicle systems

which must be cooled, Common radiator usage may be

accomplished without significant radiator weight being

charged to the power system, since the system can probably

raise the average radiator rejection temperature and thus

allow the additional heat to be rejected without increasing

radiator area°

Required only for operation with boiloff gases°
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For the 350 hr, 1.6 kw average power mission which formed

the basis for this program total system takeoff weight would

be 1416 lbs. if boiloff gases are not available or 1068 lbs. if

boiloff gases can be used for 100 hours of the mission.

2.2 Component Description

2.2.1 Engine

A single-cylinder reciprocating, internal combustion engine,

operating on a uaiflow two-stroke cycle is employed. Hydrogen

and oxygen are supplied to the engine under pressure. The

hydrogen enters the engine through a dual poppet valve with

adjustable opening duration. The oxygen is injected into the

cylinder shortly before hydrogen valve closing and ignites

spontaneously with the hydrogen. Ignition is aided by a

platinum or palladium catalyst in the combastioa chamber. The

exhaust gases leave the cylinder through ports uncovered by

the piston 15 ° before the bottom of the stroke and enter the

regenerator, giving up heat to the incoming hydrogen, before

being exhausted overboard. Except for the induction system,

the engine follows conventional design practices. The engine

design is shown incorporated into the flight system in Fig. 2-1.

Engine design details are discussed beiowo

Hydrogen Inlet Valve

The dual poppet hydrogen valve was chosen for this engine

on the basis of parametric study results. The dual poppet

valve concept consists of two poppet valves arranged con-

centrically and opening in series. The inner and outer valves

are actuated by separate cams, both located on the gear-

driven camshaft. The motion of the two valves is identical,

19 PREOE!I!HO



but the cam for one valve can be advanced or retarded_ relative

to the other cam° Since hydrogen can flow into the cylinder

only when both valves are open,_ the variable phase valve provides

variable admission of gas into the cylinder° This valve design

was developed by Vickers in two previous test programs and

has proven to be satisfactory° The hydrogen valves are

located adjacent to the cylinder head9 arranged L-head fashion°

Valve acceleration rates_ maxim,,m operating _,_mn,,_,,_',,_

and endurance requirements are all within the state-of-.the-art

of current internal combustion engine technology°

A high mounted camshaft was chosen_ since it lowers the re-

ciprocating mass in the valve train by permitting the use of

short valve stems and low inertia rocker arms and spring

retainers° The separate L-head arrangement has been used

in previous designs and has the advantage of thermally isolating

the hydrogen valves from the hottest part of the cylinder head

and permitting cooler operating conditions at the inlet valves°

The L-head arlangement was chosen over the overhead valve

configuration in this engine due to these valve dynamic, ar, d

thermodynamic considerations° Some loss of freedom in

combustion chamber shape and hydrogen valve and oxygen

injector location is inevitable with side valves° An ovelhead

valve configuration may afford the minimum clearance volume

and the lowest pressure drop through the valve_ howe_er_ there

are always penalties associated with a mechanically dr'iven over-

head valve in terms o{ complexity_ weight_ bulk_ and valve

train dynamics° There are two unknown factors which coaceln

hydrogen valve operation° Valve life under continuous operation

at 1000oF regenerated hydrogen inlet temperature has not been

determined_ and although exhaust valves of conventional air_-

breathing engines operate at 1400-1500 _ F.. the conditions are

2O



not exactly comparable because of the higher heat transfer

characteristics of hydrogen. Minimum valve grade lubrication

reqmrements are also unknown as yet. Oil consumption by

leakage around the hydrogen valve stem may contribute

significantly to the total engine oil loss. Inlet hydrogen valve

flow is shown in Fig. 2-5. A 30° valve duration following a
sinusoidal lift curve, with a valve head diameter of. 16 in.
and a lift of. 040 in. was assumed. It can be seen that this

valve size is adequate for full admission.

400

Maximum Flow Area --- . 020 in 2

Sin_oidal Lift

30 ° Total Valve Duration

.,-4

!

¢q

,-¢
g]

300

200

zuO
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No Throttling _/_

5_ Admission

No Throttling

S ubsonic

S upersonic

I
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Fig.
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2-5 - Inlet Hydrogen Valve Flow
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Fig. 2-6 - Hydrogen Valve Acceleration

In Fig. 2-6, maximum accel-

eration in g's is plotted against

crank angle degrees (from

opening to maximum lift) for

various lifts. Sinusoidal

acceleration is assumed. The

current design practice for

racing engines is approxi-

mately 1500 g's. Hydrogen

throttling will be accomplished

along with phasing by the dual

concentric hydrogen valve.

The valve size and lift rate will

be arranged to offer considerable

flow restriction at lower over-

lap. The effective flow area

vs. overlap angle decreases

drastically as overlap is

decreased, so that the dual

poppet valves lend themselves

naturally to power control by a

combination of throttling and variable admission.

Oxygen Injector Valve

The oxygen injector valve presents what is probably the most

difficult design problem in the entire system, it must transmit

minute quantities of oxygen at high speed with very precise

timing, while isolating the oxygen from fuel, lubricants, or

vulnerable bearing surfaces. At the design engine speed of

4000 rpm with an oxygen valve opening duration of 30 ° of

crank angle, the valve must open and close in 1.3 milliseconds.

For a 2:1 mixture ratio, an engine power output of 5 hp, and a

22



specific propellant consumption of 1.0 lb/hp-hr., the valve

must pass about a ° 006 cubic inches of oxygen each revolution.

This injector follows the same basic design concept employed

in previous oxygen injector designs (Ref. 1 ), in that the

chamber within which the valve operates is hermetically sealed,

with motion being transferred to the valve through a thin wall

tube deflecting in torsion. The drive from the cam shaft to the

injector valve stem is by means of rocker arms and a quill shaft.

Oxygen Throttle Valve

The purposeof the oxygen throttle valve is to regulate the oxygen

supply pressure before it enters the engine through the oxygen

injector poppet valve. The injector valvelift, opening duration,

and phasing relative to the hydrogen cutoff valve, are all con-

stant over the power range. Therefore, at low power operation,

the inlet oxygen density must be lowered by throttling to prevent

an excessively high O2fi-I 2 mixture ratio and consequent over-

heating. This throttling has a negligible effect on system

efficiency due to the low power required for compressing oxygen.

The oxygen throttle is shown in views X-X and T-T of Fig. 2-1.

The oxygen throttle is a tapered needle valve of . 070" maximum

diameter, with a total movement of . !00". The needle will be

held along one side of its port to insure the same flow coefficient

during valve movement. The linear movement of *_"t,,,..-,.... v,,._'"_',,, is

great enough to insure control.

The valve body is mounted between the crankcase and the in-

jector valve housing, at right angles to the injector poppet.
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The needle position is set by a 90° rocker arm resting on a

cam mounted on the side of the ring gear of the phasing

mechanism° A secondary temperature trim is effected by
mounting the rocker arm on a eccentric shaft which is rotated

by a temperature feedback mechanism°

Oxygen is contained within the valve by a double seal; a teflon

packing sea! around the needle_ and a welded metal bellows

backing up the sealo Oxygen escaping the teflon seal will be

stopped by the bellows from entering the crankcase and creating
a fire hazard° The chamber between the bellows and the seal

is vented to the exhaust to prevent a pressure:batldup and to

permit the use of a small light bellows°

The active element of the temperature trim device is a capsule

filled with sulfur vapor under' pressure_ mounted in the exhaust

stream° This capsule moves a rod by expansion under a

temperature rise° The rod is fastened by a rocker arm to the
eccentric shaft on which the needle valve rocker arm is mounted°

Such devices are now in use for furnace control and can be

readily adapted for this purpose°

Valve Control Mechanism

The proposed mechanism for controlling the power setting on

the flight design engine is given in view X-X o[ F/go 2-1o This

mechanism varies the phase relationship of the oxygen injector

valve and one of the poppets of the dual poppet hydrogen valve

relative to the crankshaft° It also controls the opening ot the

oxygen throttle valve in the oxygen line_ upstream of the oxy-

gen injector valve° By these means_ hydrogen inlet pressure_

hydrogen admission duration 9 oxygen inlet press urea and oxygen
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injection timing are continuously variable on demand over the

full range of engine power.

The phasing and control mechanism consists of a planetary
gearset in conjunction with two camshafts. The cam for the

inner (small diameter) hydrogen valve is mounted on a shaft

which is gear driven by the engine crankshaft, at engine speed.

This shaft also carries the sun gear of the planetary gearset.

The camshaft for the outer (large diameter) hydrogen valve and

for the oxygen injector valve is hollow, and is mounted by roller

bearings around the primary shaft. This secondary camshaft

is fastened to the planet carrier and turns at one-third engine

speed, so that each cam has three lobes. The ring gear is

the reaction member of the planetary gearset and its position

is advanced or retarded to provide the variable phase relation-

ship between the camshatts o It is phased by means of a worm
drive from adc servo motor. There is a cam formed on the

side of the ring gear controlling the oxygen throttle.

The relationship between the oxygen injector valve duration and

timing and the hydrogen valve cutoff point will be optimized by

tesUng, so both valves can be phased together over the operating

range. The need to vary the amount of oxygen/hydrogen flow

overlap is not anticipated. Oxygen pressure is also varied over

the power range by the oxygen throttle, with a secondary pres-

sure control regulated by exhaust temperature, to prevent

overheating.

Engine Balancing

For a conventional single cylinder engine operating at 4000 rpm
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with a 1/2 lb. reciprocating mass, there is a primary recip-

rocating unbalance of approximately 85 lbs. maximum force

in line with the cylinder axis_ and a second order reciprocating

unbalance of.43 lbSo One-half the primary reciprocating un-
balance can be counterweighted, giving a primary rotational

unbalance of 43 lbso This rotating force travels at engine speed,
but in the opposite sense° If an oversized counterweight is used_

a reciprocating unbalance force of 43 !bo maximum, transverse

to the cylinder axis_ at engine speed can be achieved. This is

the usual case with motorcycle engines° To completely com-

pensate for primary and secondary unbalance would require

two coatra-rotating balance shafts at engine speed and two

additional balance shafts running at twice engine speed_ sym-

metrically distributed about the crankshaft. While one of the

primary shafts could be used as a camshaft in the two-cycle

H2-O 2 engine_ the other shafts would be useful only as additional
accessory drives and would add weight_ bulk_ and complexity

to the engine° The alternate method of achieving complete

balance is the use of a dummy opposed piston which can be

made to completely counterbalance all reciprocating forces°

A modification of the balance piston technique has been selected

for the flight engine design°

The balancing mechanism can be seen in the lower half of

view S-S of Fig° 2-1o This is a dummy weight pivoting about

a lever arm and driven by an eccentric on the crankshaft°
Since this eccentric has a stroke of one-.half the engine stroke_

the balance weight must be double the total reciprocating weight°

The eccentric is mounted on one crank cheek and the rotating

weight is counterbalanced equally on both crank cheeks°

A balancing piston will provide complete balancing of re-

ciprocating weight if the following conditions are met:
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. The L/R ratio (connecting rod length/radius of crank throw)

of the power piston and of the balance piston are the same.

o The total reciprocating weights operate along the same

ceaterliae.

o The peak reciprocating forces exactly cancel each other.

The dummy weight used here is off-balance in the following

ways:

ao There is a small rocking couple caused by the dummy

weight and the piston operating along slightly different

ceaterliaes°

ba The weight travels in a circular arc instead of straight

line.

The unbalance forces resulting from these factors are all very

small compared to the amount of unbalance found in a conven-

tionally counterweighted single cylinder engine. Exact dynamic

balancing may be obtained by the use of two dummy weights

operating along ceaterliaes at equal distances from the crank

axis or by a single .... :~*'* ...........w_,,t arranged on the co-_,_'lin_ of _he power

piston and driven by a double linkage from a pair of eccentrics

symmetrically disposed about the cylinder center. This degree

of refinement in co.,.sidered, suuerfluous for the H2-O 2 engine,

since the problem of combustion induced vibration is still

present.

Bearing Loacls

The results of bearing load calculations are shown in Fig. 2-7
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through 2-10o The methods of Reference 2 were used to cal-

culate the main bearing loads and the connecting rod force and

piston side force with combustion occurring at 2_ (average

power) and 5% (maximum power) of the piston stroke after

TDCo The reciprocating mass is 0o 5 lbo and the displacement

is 2o 77 CUo in (1° 50" bore x 1° 57" stroke)° Gas inlet pressures

of 300 psi and peak combustion pressure of 900 psi, without

throttling, determined the gas loads. The L/R ratio is 4o 0o

Cooling System

In a regenerated engine it would be desirable to transmit all

waste heat to the incoming hydrogen. The use of 2/1. O/F

mixture ratio, however, does not furnish enough heat capacity

in the hydrogen to handle the entire rejected heat load of the

system° To bring the hydrogen to the highest inlet temperature

with the smallest possible heat exchanger9 it is desirable to

regenerate exhaust heat, and to reject the lower temperature

cylinder waste heat by a separate radiator. The engine cannot

be insulated so that little or no heat escapes_ since this would

raise the operating temperature of the metal parts far above

the allowable limit° The question then arises: Since heat

must be rejected, how can it be done to maximize the use[dl

available energy and still keep engine lubricated parm to an

allowable temperature?

Some answers to this question are:

lo Use high temperature materials in the critical burning

region bounded by the head and piston surface_ and insulate

this area to protect the cylinder walls and crankcase°
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l_eep the exhaust as hot as possible,

regeneration.

to furnish heat for

. _solate the combustion process in the combustion chamber,,

so that the film coefficient between burning combustion gases

an::lthe adjacent metal surface will be as low as Fossible and

a hotter mixture can be burned for the same peak metal

tempera tures.

The relative effect of heat rejection from the head or from the

cylinder walls is given in Appendix B . '_he following two

extremes are investigated in the analysis:

_o All heat rejected before the start of expansion (i. e. to the

cylinder head).

_. _11 heat rejected to the cylinder walls during expansion.

The results show that the first assumption yields significantly

lower efficiency. Therefore, from both the standpoint of

efficiency and the standpoint of materials considerations, it

is best to run an uric..led and/or insulated cylinder head, an

insulated piston, and cooled cylinder walls.

The cylinder walls will be cooled by a liquid (such as ethylene

glycol) circulating through tileengine _uu_L,,_^--"-~jac,_et"_ ,,,_,_,_......,-,_,_-_i_-j......_,

heat to a space radiator, it is possible that the alternator cooling

system and engine cooling systems may be integrated. ::Iowever,

the difference in their optimum operating temperatures makes

this an area for additional study.
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Zero-G Lubrication System

The lubricant metering pump is shown in View U-U of Fig. 2-1,

and a sketch of the proposed lubricant flow path is shown in

Fig: 2-11. A throw-away system is used which meters the

correct amount of lubricant to critical areas by four independent

lines. By this means the oil flow is less dependent on orifice

sizes or line pressure and there is no change of one line robbing

the flow from another. The four lines lead to the following critical

areas:

1. Bearings (crankshaft, connecting rod, and balance weight)

2. Cylinder wall

3. Cam followers (by wick feed)

4. Hydrogen valve guides

H 2

Pressure

Lubricant

Reservoir

Bearings

Lubricant Valve Guide I T ]_-----]

Metering-- il , I

Fig. 2-11 - Zero-G Lubrication System

Flow rates will be determined

by laboratory tests.

Each line is fed by a separate

cylinder of the four cylinder

barrel type, metering pump.

A very low flow rate is possible

with this pump, which uses a stroke

of .062 in. imparted by the

rotating barrel which contains

four plungers actuated by a

stationary wobble plate. Each

plunger has a bore diameter of

• 062 in. Valving is accom-

plished by grooves in the cylin-

der as shown in View U-U of

Fig. 2-1• Oil flow variation

under load changes can be

accomplished by providing a
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variable wobble plate angle° Since the system is positive

displacement and does not recirculate oil, both gravity forces

and oil viscosity have no effect on system operation. Therefore,

the problems of oil metering under engine warm-up or take-off

operation are completely eliminated.

A throw away lubrication system is considered preferable for

the following reasons.

. The system can be tested on earth with reasonable assur-

ance that it will work under zero-g conditions. This is

not true of a recirculating system in which extensive test-

ing under zero-g and random-g loads is necessary to

ensure that oil will always return from the pockets where

it might gather.

o Less contamination problem, since oil is used once and

rejec ted°

a Far greater flexibility so that metering changes can be

easily tested and incorporated under all stages of develop-

meat without the necessity for redesign.

The reciprocating H2-O 2 engine will consume oil:

lo By burning oil in the combustion chamber which has

leaked past [he piston rings or past the hydrogen valve

guides.

2. By leakage of unburned oil out the exhaust ports.

3° By leakage past shaft seal, etc.
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o By accumulation in the crankcase from bearing and cam

flOWo

Internal combustion engine tests run with cylinder bores of

varying porosity have established the fact that oil trapped

and burned in pores in the cylinder wall can account for large

increases in oil consumption° (See Refo 3 )o Dore finish

and piston ring-bore compatibility mo_t be established by test°

Careful design of the oil control rings and the exhaust ports is

needed to limit oil flow into the combustion and exhaust areas

and still insure adequate ring lubrication. Careful design and

close tolerances can limit consumption by reducing oil leak-

age past the hydrogen valve guides and still assure adequate

feed°

2.2°2°

Results of tests conducted by Lycomiag IaCo _ on their recently

developed multifuel diesels show that low oil consumption is

possible ia a port exhaust engine° An oil consumption rate

of o 006 lb/hp-hr was demonstrated9 (Refo 4 )o

Hydrogen Compressor

The compressor was sized to handle incoming gas at the great-

est specified volume and flow rate which would be encountered

on the design mission9 using the propellant consumption rates

predicted by the parametric studies (Section 3)° The compres-

sor design is based on the first stage of the two-stage experl_

mental compressor built and tested during this program° The

cylinder bore diameter is o 980 inches_ piston stroke is o 50

iach_ and compression ratio is 20:1o The two stage compres-

sor is discussed in Section 7-2°
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2.2.3 Oxygen Compressor

The oxygen compressor is a two-stage design incorporating

a rocking drive mechanism similar to that used in the experi-

mental compressor built and tested in this program. The

oscillating drive arm imparts a 1/2" stroke to the piston.

Bore of the first stage is 0° 50 inches and the bore of the

second stage is 0° 25 inches.

A poppet valve was selected for the first stage inlet valve. A

reed type valve was considered, but it was decided that the

poppet valve would be easier to manufacture successfully. The

inlet and discharge valves for both stages are located in the

cylinder heads to simplify the construction of the cylinders

and to avoid conflicting material requirements which might be

associated with attaining cylinder wear resistance and valve

seat impact resistance°

2.2.4 Regenera_r

The regenerator or recuperator is a compact heat exchanger

which transfers engine exhaust heat energy to the incoming

propellants. Although not shown in Fig. 2-1, the regenerator

utilizes extended surface on the low pressure (exhaust gas)

side due the lower film coefficient. At O/F ratios of 2:1 or

less, practically the full thermodynamic benefit from regener-

at.ion is achieved by heating the hydrogen --'-- u ......... it isU ll.m.y° _..m.uw _v _J. ,

planned that the oxygen would also be heated in the regenera-

tor to the same temperature as the hydrogen in order to

simplify propellant metering°
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2.2.5 Electrical System Description

This report section outlines and describes the conclusions

reached as the result of analytical and design studies of

electrical components carried out as part of the contract°

The design philosophy_is based on three major considerations:

simplicity_ reliability_ and minimum overall weight penalty

for earth take off°

The object of the studies was to specify a complete electrical

generating system, associated with a hydrogen-oxygen recipro-

cating engine, capable of supplying the required electrical

power at an overall design load efficiency of 90% for a mini-

mum of 350 hours under conditions of zero gravity, temperature_

shock_ and vibration imposed by a typical manned space vehicleo

The scope of the study was limited to the analysis and descrip-

tion of the elements comprising an individual electrical gener-

ative system capable of ultimate paralleling with any similar'

system° The means_ procedures, and considerations o_

parallel or redundant operation are subjects for further' study°

2o 2° 5.1 Electrical System Requirements

The electrical system was designed to meet the following

requirements and load profile_ Fig° 2-12, as provided by

NASA° Detailed electrical component design requirements

are contained in Appendix Co

Operating Characteristics (Environment)_

The APU will be required to operate in an environment
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having a temperature range from +30°F to 165°F, and

near absolute zero pressure.

Maximum anticipated acceleration load is 6-g.

Electrical Power Requirements

Usable average power output - 2 kw

Peak power output - 3 kw

AC Generator Requirements

400 cps + ° 5_%

3-phase_ 4-wire, 115/200 V ."{MS

Tolerance: 115 V + 2 volts° Maximum anticipated

Voltage unbalance 27o of worst phase to average

Load power factor o 75

Harmonic distortion through _.0 kc should not exceed 4% total

Response time: 0o 7 second at output to any power level

change within the operating range

AIEE and appropriate MIL standards apply in all other respects°

Control System

Control system encompassing engine speed control and

generator voltage control shall be capable to accomplish

above electrical requirements.

38



2.2.5.2 System Components

Alternator

A number of rotating machine configurations were analyzed

with a primary view to obtaining a very high efficiency, i.e.,

better than 90%. A salient pole synchronous alternator of

special design, utilizing field slip rings, was found to provide

maximum efficiency on an overall excitation source-voltage

regulator system basis. This type is schematically illustrated

in Fig. 2-13. The maximum efficiency is attributable to the

method of ingress of excitation c_Irrent to the rotor, the voltage

drop per brush being in the order of .3 volt with a total cir-

cuit drop of .6 volts. The analogous voltage drop of a bridge

rectifier in brushless alternator designs is in the order of

I. 8 to 2.0 volts. Of the "brushless" designs, the permanent

Variable ÷ .

D.C.

Excitation

Fig.

Rotating Elements n_

c l[ 1 ,u

l'I I

s '
Slip Alternator Alternator

Rings Field Stator

Phase A

Phase D

Neutral

Phase C

2-13 - Synchrgnous A_ter_atul- wltll Slip Rings

3 Phase

AC

Output
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magnet and the two stage wound dc field synchronous types

were found capable of meeting the efficiency objective.

However, the permanent magnet type was eventually abandoned

for reasons of impedance and voltage regulation problems.

Because of the lower voltage regulator operating power

level and its reliability considerations, a "brushless" config-
uration alternator with one stage of exciter power gain was

chosen as the preferred type. The loss in machine efficiency
attributable to the exciter is partially offset by lower regulator

power losses. A fm'ictional diagram of a simple two-stage

"brushless" alternator of the general type is shown in Fig. 2-14.

An analysis of the losses inherent in this design revealed that

worthwhile improvements in efficiency may be realized by

employing relatively high voltages in the rotating elements

wherein the inherent voltage drop of silicon rectifiers is

small in relation to the rectified output voltage applied to the

field. Recent advances in insulation technology and in high

Variable

D.C. q-

Excitation

Exciter

Field

N

S

Rotating Elements

C

Rectifier

S

1

I
I

' I
1

Phase A

Phase B

Neutral

Phase C

Exciter Rectifier Alternator

Rotor Field

(AC)

Alternator

S tato r

Fig. 2-14 - Brushless Synchronous ALternator

3 Phase

A.C.

O utp ut
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voltage, high temperature semi-conductors have solved the

problems incumbent in this approach.

A novel mechanical arrangement of a two-stage "brashless"

alternator was examined and is shown in Fig. 2-1. In this

arrangement*, which may be termed "co-axial'.', the alternator

field revolves on the outside of the stator, which is fixed° The

exciter field is located within the alternator stator from which

it is magnetically isolated. The exciter armature rotates with-

in the fixed exciter field° It_ and the alternator field are com-

mon to the shaft. The rectifier assembly is mounted on the

extremity of the exciter armature from which it derives its

input voltage. The rectifier output is directly connected to

the alternator field°

This design leads itself to a single bearing overhung rotor as

well as to a two bearing machine.

Since the rotating inertia of this design is the largest for a

given machine weight., by virtue of the larger radius of the

rotating mass, it is most useful for damping the velocity

modulation arising from reciprocating piston engine drives.

Mechanical integri_" of 5he revolving fte!d structure, particul-

arly the windings, under the influence of high centrifugal forces,

is superior to that of a conventional design, since centrifugal

force te_nd.s to press the windings into the slots instead of

the _converse.

* Courtesy of Aeromariae Industries International: Societe _

Anonymeo
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Analysis of this design showed that alternator field losses

and operating temperatures are materially reduced°

Correspondingly higher total flux is thus obtainable at

modest excitation requirements, making it possible to reduce

machine reactance sufficiently to meet unbalanced load and

wave for requirements, while yet maintaining high efficieacyo

Cooling

The alternator is cooled by glycol circulation through a heat

exchanger located within the alternator case° An atmosphere

of 1 to 2 psia comprised of hydrogen and water vapor shall

be admitted to the alternator case through a partial seal

from the engine crankcase at 150°F maximum. The alter-

nator elements are cooled by conduction to the enclosed at-

mosphere and thence to the heat exchanger.

The circulative glycol inlet temperature is regulated within

the limits of 35°F to 50°F at 1 to 2 gpm flowo

Alternator Speed vs. Efficiency and Weight

A comprehensive study of alternator losses vs. weight for

12 pole, 8 pole, and 4 pole machines, corresponding to

4000, 60009 and 12,000 rpm_ was undertaken° Table 2-]

shows the tabulated results of this analysis. These data

represent conventional salient pole wound rotor syachroao_

machines, and the efficiency figures quoted include exciter

losses, regulator losses, and that portion of the starter-

generator losses attributable to the excitation source_

including battery.
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TABLE 2-1

ALTERNATOR DESIGN PARAMETERS

Machine Parameters

Ac tire Mate ria ]_

Number of Poles

S tator Lamination O. D., Inches

Stator Lamination I.D., Inches

Number of Stator Slots

Number of Stator Coils

Number Turns per Coil

Coil Connection

Stator Copper Losses, Watts

Stator Iron Losses, Watts

Stator Length, Stack, Inches

Stator Weight, Lbs.

Field Rotor O.D., Inches

Pole Arc %/Inches

Excitation, Full Load, 1.. 0 p. f., at

Excitation, Full Load, .75 p.f., at

Field Rotor Length, Inches

Field Copper Losses, Watts

Field Rotor Weight, Lbs.

Total Weight, Active Materials, Lbs.

Mechanical Losses, Watts

Total System Losses, Watts

System Efficiency, Percent at 60°C

Losses in .... '_.... '"_ Regula_on, W °_+=

Speed - rDm

12,000 6000

4 8

5.5 8.0

3.25 5.50

36 36

36 36

10 6

Parallel Series

24 40.8

76 49.4

3.5 1.5

18.3 11.2

3.23 5.48

60/1.53 60/I. 3
225 25q

285 328

3.75 1.625

24 2q. 4

7.1 8.2

25.4 19.4

60 60

23q 232

90.4 90.6

177 172

4000

12

I0.0

7.75

54

54

4

Series

41

56

1.5

12.2

7.'/3

'/0/I.42

215

2"10

I.'/5

30

16.0

28.2

5O

233

9O. 6

183
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The weight shown are for active materials in the rotor, or

field, and in the stator, required to meet a common system

efficiency of 90° 5% of overall,, The weights of the exciter

elements are not included, nor are the weights of the shaft,

bearings, frame, and end bells° It may be reasonably esti-

mated that weights shown are subject to a typical multiplication

factor of 1o 6 to obtain the total machine weight.

Voltage Regulation

Many voltage regulator and regulation system schemes were

studied° Typical forms and methods are illustrated in Figs.

2-15 through 2-20°

System analysis revealed that several modes exhibit serious

shortcomings during transient and fault clearing conditions.

While the schematic shown in Fig° 2-15 has the highest relia-

bility because of the nature of the components_ the fastest re-

sponse_ and the best transient stability, it is frequency sensi-

tive and subject to voltage drift with temperature, beyond _}_e

specification limits° It is further subject to variations with

changes in alternator load power factor beyond the specification

limits° A large amount of development effort would be required

to perfect this scheme to meet the regulation requirements.

Additional excitation circuitry is required to accomplish volt-

age buildup on starting° i_or these reasons, and for weight

considerations, it was not considered further.

The modes illustrated in Figs,, 2-16, 2-17, and 2-18 suffer

from a common deficiency in fault clearing capability and

exhibit inferior voltage recovery on large step load changes°

For these reasons9 they were not further considered.
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Fig. 2-18 - Simple SeLf-Excited Regulated Alternator
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The scheme shown in Fig. 2-19 overcomes many of the defic-

iencies described above except that it requires an external

source of dc power to accomplish voltage build-up on starting,

through "field-flashing", with control circuitry. For this rea-

son, and for reasons of incomplete reliability dab on silicon

controlled rectifiers used with current transformers, with con-

sideration of complexity and weight, it was concluded that this

mode should be considered with reserve.

From a system analysis, the scheme shown in Fig. 2-20 is

recommended and offers the following advantages"

Alternator

f

Output

Sensing

Regulator

_Ex 3 Phase AC

cltatlon

llicon [

ontrolled ]

tecUfier ]

_i T raC:r;:rn:e r

I

V :172;o ....

Fig. 2-19 - Simple Self-Exciter

Compound Regulated Alternator

with Voltage Reference
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Source
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Exciter

Power

3 Phase AC - ..J

Excitation ] Output_l

i _Sensing

Voltage I

.'Regulator I

Load

Fig. 2-20 - Separately Excited

Regulated Alternator
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1. Voltage build-up is inherent

2. Voltage build-up is automatic on starting

3. Fault clearing capability is inherently good

4. Paralleling characteristics are excellent

5. Fewest circuit elements are needed

6. Reliability is good

7. Weight is minimum

8. Existing engine starting battery is utilized as active element

Voltage Regulators

Several types of voltage regulators were studied to determine

the most efficient method of controlling alternator excitation.

The two general means are represented by Figs. 2-21 and 2-22.

The means shown in Fig. 2-21, termed variable voltage source,

provides the lowest regulator losses by virtue of having no

Variable

D.C.

Source

I V°liage Detect°r I

Reference

Amplifier

And Control 1
- f _ A

l Load

_ S

Alternator Alternator

Fic_ St_lor

Fig. 2-21 - Alternator Voltage

Regulator Loop

Dattery

Voltage

Detector,

Reference,

Amplifier

and Control

Variable

Resistance

1 '_' tX.-_A

V Load

_C

Alternator Alternator

Field Stator

Fig. 2-22 - Alternator Voltage

Regulator Loop
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series resistance between the excitation source and the alter-

nator field. The excitation source voltage must, however, be

itself controlled, and some form of regulation means is re-

quired for it. The internal regulator losses involved at
progressively lower energy levels become modest in this
scheme in relation to the total alternator output. Typical

regulator loss relationships are shown in Fig. 2-23.

The means shown in Fig. 2-22, termed fixed voltage source,
variable conduction, is more common in practice. The basic
form of the basic form of the means illustrated in Fig. 2-22 is

shown in Fig. 2-24. The variable resistance element dissipates

appreciable energy, resulting in lower overall system efficiency.

The regulator watt losses in this scheme are particularly

objectionable at. 5 maximum alternator output, which corres-

ponds generally to full rated load at unity power factor. The

Wf
Field I _ Wattreg

_ Wattfleld

Full Load

Alternator Load

Fig. 2-23 - Regulator Watt Loss Fig. 2-24 - Regulator Watt Loss

48



energy so dissipated presents a hazard to other components

in the regulator and reduces the intrinsic reliability of the

apparatus. For these reasons, form 2-24 was not further
considered.

m

I

An interesting variant of the method shown in Fig. 2-24 which

overcomes this deficiency is shown in Fig. 2-25. Here, the

variable resistance element is formed in effect by an opening

and closing contact. The relative conductance of the circuit

is determined by the ratio of closed time to open time. The

energy loss of this method is theoretically zero for the rea-

son that I (excitation current) and E (regulator voltage drop)

do not exist at the same time, thus not satisfying the equation:

E x I = W (loss). The on-off switch, reg., is provided in the

Field Curreat

P

I
Mternator Load

Full Load

,Average Field

Current

.... ,Regulator

Watt Loss

Regulator

-___. Battery I Wattftetd

modern concept by a solid

state device with s uitable

forward EMF protection

analogous to that of an RC

spark suppression network

or diode employed with con-

tacts.

Analysis of this scheme reveals

that the lowest system weight

may be obtained by reason of

the elimination of current

and associated voltage trans-

formers. Examination of the

reliability aspects showed

that this scheme, when used

in conjunction with a battery

Fig. 2-25 - Regulator Watt Loss
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excitation source, is capable of achieving more than adequate

reliability to meet the overall system requirement. The choice

of the scheme shown in Fig. 2-25 was further based on the

relatively low energy levels associated with the primary excit-

at_ionrequirements of the "brushless" alternator configuration

shown in Fig. 2-14, and similar two-stage machines.

2.2.5.3 Engine Starting System

Figs. 2-26 and 2-27 show two functional schematic diagrams

representing engine starting methods.

Fig. 2-26 shows a dc starter-generator scheme with regul-

ated voltage output and output current limiting by means of a

differentially compounding series field. In the starting mode,

with the engine stopped, the contactor is closed, allowing

3tarter Generator

N-- i 1

Series Field [

I t [
I L _ _ -I_
[ [ [
[ i [

t I i I
I I I
L 1

Current - Voltage Regulator

1

[Excitation [

i

IRegulator

Excitation ] gI
Voltage Sensin

Battery

I
I
I
i
I w.-_o___
I

l+
i

Starting Contactor

Fig. 2-26 - Starter-Generator Functional Schematic Diagr_(m
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battery current to flow through the field and armature circuit.

High starting torque is inherent in this design. When tile

engine fuel ignites, tileengine speed increases and drives

the dc machine as a generator. Its output voltage is regul-

ated by means of a shunt field to tileend of charge voltage

of the battery, with suitable temperature compensation, ri'he

two field constants are arranged so that the battery charging

current is limited to the maximum safe operating point for

the generator or the battery.

The dc starter-generator commutation requires some

development for operation in low pressure hydrogen and

water vapor atmospheres; however, the inherent reliability

of this scheme recommends it as the preferred starting

system.

The battery requirements for engine starting are based on

the following parameters:

I. Minimum engine speed - 600 rpm

2. Maximum torque 30 iach-lbs.

3. Maximum cranking time-30 seconds for three consecutive

cycles separated by not less than one minute

4. Minimum battery electrolyte temperature 50oF

5. Maximum battery electrolyte temperature - 160oF at

end of third cycle.
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From 1) and 2) the peak starter horsepower is

HP = 600 x 746 = o 286

630, 25

At 703 starter efficiency, the peak input power is

o 286 x 746

°7O
= 304 watts

At 10o 8 volts input, at full load, the motor current is 31o 5

ampereso

A silver cadmium battery was chosen for this application°

The theoretical ampere hour capacity based on 1o 5 minutes is

1o__,_55x 31o 5 = 1o 26 ah
60

However 9 at the interrupted 1° 5 minute rate, the discharge

efficiency is approximately 253 at a median temperature of

95°F9 hence the nominal one hour ampere hour capacity

rating must be

1o 26

°25
= 5° 04 ah

For maximum reliability with a silver cadmium battery the

end of charge voltage should not exceed 1o 6 volts per cello An

eighteen cell battery was selected, having a total end of charge

voltage of 28° 8, and comprised of 5 ampere-hour cells at the

one-hour rating° The terminal voltage at a discharge rate of
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3]. 5 amperes at the end of three starting cycles will be

approximately 11.0 volts.

Gperale Switch

11
A A'

OS1

OS 2

Fig. 2-27 shows aa inverter-battery charging scheme which

employs silicon controlled rectifiers to convert battery voltage

to low frequency alternating current in the starting mode, and

which rectify a portion of the alternator output power for

battery charging and maintenance in the charging mode.

Operation is automatic, as in the case of the scheme shown

in Fig. 2-26. During the starting mode, the inverter provides

a 66 cps, 3-phase power at a voltage sufficient to motorize

the alternator at 30 iach-lbs, torque as an induction motor.

At 10% slip. the alternator will run at 600 rpm.

Alternator Stator

t3 15' C C T _attery

Inverter -t- O
Starter

& Charger --O

0 A

r_

f_

OB

0 I;

OC

Load

Fig. 2-27 - Schematic - Alternator with Inverter Starter
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Since the efficiency of an invert, er utilizing silicon semi-
conductors operating at 10o8 volts dc input,is in the order of

75%_ slightly less battery capacity for starting is required°

Comparative weights for the two alternate starting systems

are given below:

DC starter-.generator_ with filter - 4o3 lbSo

Silicon controlled rectifier, with filter - 8o0 lbs (estimated)_

Start-Up Procedure

Regardless of which method of obtaining cranking power for

use in rotating an idle engine to starting speed is employed_

the tentative start-up procedure remains the same° If

start-up is on supercritical tankage gas_ the engine valves

are timed for maximum power and hydrogen is admitted

during spin-up and allowed to motor the engine° Oxygen is

then admitted through an open oxygen throttle until ignition

occurs° Little battery power is needed for this mode of

starting since the stored hydrogen and oxygen are doing most

of the work°

Start-up on boil-off gases requires enough battery power to

motor the engine and compressors until there is enough

propellant flow to ignite and burn in the engine° Again, the

engine valves will be timed for maximum power° Minimum

motoring speed must be determined by experiment_ but

probably need not be more than 600 rpmo Upon ignition_

the engine will accelerate to 4000 rpmo
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2.2.5.4 C0ncl_ion

It is recognized that the resalts ol this st,_dy are mainly of

a system reqmlement nature and belole system design beglns,

another evaluation ol all the aspects ol mechanization will be

made° In the alea of requtrements_ an effort to continuously

update the exisung requirements is necessary°

2.3 System Opera tio___

The H2-O 2 er_gine power system has been designed to operate

from either of two propellant sources_

Io Cryogenic hydrogen and oxygen stored on board the

spacecralt in supercritical tankage or;

0 Cryogenic hydrogen aaa oxygen boiloi_ gases which may

be available as waste from propalsion stage propellant

tankage° Propellant selector valves connect the power

system to the proper propellant source,

2, 3o i Operation with S aoercrltical Tank[t.g_e

Hydrogen and oxygen are maintained at s upercritical pres-

sures by heat addition to the cryogenic storage tanks using

electric heating coils within the taakso The heat actdition

rate is determined by the propellant withdrawal rate° The

propellants are fed by tank pressure through the regen-

erator into the cylinder oi the internal comb_rion engine°

The hydrogen and oxygen absorb heat from the exha_t gas

in the regenerator:_ thereby raising their temperatures and

decreasing.density to give lower specific fuel consumption,
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2°3°2

Studies have shown that the optimum s upercritical storage

pressures for this system are 300 psia for the hydrogen

and 9'30 psia for the oxygen°

O_.?eration with Boiloff C-ases

2or operation with boiloff gases, the propellant selector valve

is set for boi!off operation and a magnetic clutch is engaged,

connecting positive displacement compressors to the engine

crankshaf[o These compressors raise the boiloff hydrogen

to 300 psi and the oxygen to 900 psi (the same pressures as

for operation with supercritical storage). The gas then enters

the regenerator.° following the same sequence as in pressurized

tank operation. Boiloff operation is less efficient_ due to

the necessary compressor work performed by the engine;

however° some or all of the fuel is essentially "free", since

the boiloff gases would otherwise be vented to space.

2o 3o 3 System Cooling

The system is designed to operate at a O2/H 2 mixture ratio

of 2o 0 by weight° This limitation has been fixed by maxi-

mum i_ermissable cycle temperatures. With this mixture

ratioq the heat capacity in the incoming hydrogen is insuf-

ficient to absorb the engine waste heat and the heat rejected

by the alternator_ so a radiator is needed. With negligible in-

crease in SPC_ bur with greater propellant vol.ume, operation

at 0/2 :: 1o 25 to 1o 40 would provide sufficient heat simc in

the hydrogen fuel to absorb the engine and alternator waste

heat, thus avoiding the need for a radiator to cool the pow-

er system, ii-evertheless, a radiator would be required to

reject the waste heat from the rest of the spacecraft equip-

meat, Joe.._ electronics9 environmental, and life support

systems°
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2.3.4 Speed Control

As described in detail in Section 5, the power system speed

control consists of a tachometer--generator which provides an

engine speed signal to an error sensing aetwor_c. Deviation

of this speed signal from an established reference level causes

an error signal to be applied to the engine speed control acti-

vator (an electric servo motor).

The servo motor advances or retards the hydrogen and oxygen

valve timing to adjust engine power output as required, to

bring engine speed (and alternator frequency) back to the

desired value.
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3°0 PARAMETRIC STUDIES

3ol Introd uc tion

The parametric studies were made to rationalize an approach

to the design of an optimum auxiliary power system. Hence,

a number of thermodynamic cycles were analyzed and power

modulation studies were made to determine the most efficient

method of controlling the fuel flow requirements for various

missions and off design conditions.

3.2 Description of Representative Hydrogen-Oxygen Systems

In this section various types of H2-O2 engines are briefly

described. The contract permitted detailed study of the fuel

rich regenerative internal combustion cycle only. Limited

effort was devoted to study of other approaches, and they

are presented for reference purposes°

3.2.1 Fuel Rich Internal Combustion System

An internal combustion, fuel rich, regenerative system is

shown in Fig. 3-1. This system operates at O/F = 2.0 and

a.n.da BSPC of approximately 1o 0 Ib,/hp-hr can be expected°

This system draws cryogenic propellants, hydrogen and oxy-

gen, from either of two propellant sources; (i)propulsion

tank boil-off, (2) on-board supercritical storage tanks° It

is important to note that the propellants are supplied to the

system at elevated pressures, either from pressurized stor-

age or by means of engine-driven compressors. To provide

the maximum thermodynamic benefits from the recycling of

thermal exhaust energy, it is important that propellant

Precedingpageblank
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Fig. 3-1 - Fuel Rich Regenerative H2-O 2 Engine System

pressurization occur before the heat addition and that no

compression of these propellants take place after the addition

of heat in the regenerative heat exchanger. The O/F ratio of

2.0 was selected because this mixture ratio results in a com-

bustion temperature in the same order of magnitude as found

in conventional air-breathing internal combustion engines.

The thermal efficiency for this cycle is estimated to be in

the 45% to 55% range.

3.2.2 Stoichiometric Systems

Two stoichiometric H2-O 2 engine cycles were studied. The

first system (Fig. 3-2) uses an internal compression internal

combustion engine with no regeneration. This system may

operate with either combustion occurring under fuel-rich

conditions, with the excess hydrogen recycled to act as a

diluent, or it may operate with combustion occurring at

stoichiometric mixture ratio of hydrogen and oxygen, with
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exhaust steam recycled as the diluent to limit the combustion
temperature to acceptable values.

The second stoichiometric cycle involves the regenerated

cycle illustrated in Fig. 3-3. In this cycle a portion of the

engine exhaust steam is condensed and then pumped to high

pressure. The propellants are also pumped to high pressure;

300 psi for the H 2 and 900 psi for the 0 2. Both propellants

and diluent are heated regeneratively by the exhaust prior to

to their admission to the engine.

The chief advantage of the stoichiometric (O/F = 8) system is

that it significantly reduces the volume of propellants required.

Thermal efficiency of the non-regenerated cycle (Fig. 3-2) is

estimated to be in the 35% to 40% range and for the regenerated

cycle (Fig. 3-3), 40% to 55% range. The thermal efficiencies

achievable are dependent upon the degree of sophistication and

efficiency of the system components, i.e., heat exchangers,

pumps, engines, condensers, etc. One disadvantage of the

stoichiometric type of system, in any form, is that it requires

a larger amount of heat to be rejected from the system than

does a fuel-rich cycle. This high heat rejection results from

the necessity of cooling the hot exhaust fluid down to tempera-

tares which are acceptable for recycling a portion of the ex-

haust into the engine to act as a temperature limiting diluent.

At the same time, the stoichiometric system has a much lower

heat sink available in its cryogenic propellants than does a fuel-

rich system. The net result of these effects is that the stoichio-

metric system will result in a higher thermal loading of the

vehicle heat dissipation system than will a fuel-rich hydrogen/

oxygen system.
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3.2.3 Fuel-Rich Internal Compression System

An internal compression fuel rich cycle is illustrated in Fig. 3-4.

In this system, propellants at low pressure (from bolloff, for

example), are preheated by the engine exhaust to a temperature

which is convenient for the propellant handling valves. They

are then admitted to the engine cylinder, where compression

occurs in a manner analogous to that of an air-breathing engine,

followed by the other cyclic events of either the 2 stroke or

4 stroke cycle. This system may permit operation on bolloff

(low pressure) propellant, but cannot enjoy the thermal benefits

of regeneration since compression occurs within the engine

cylinder. Thermal efficiency for this cycle is estimated to

be in the 35% to 40% range.
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• 4 •
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Co mbustion
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l

i
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Flg. 3-4 - Non-Regenerated Fuel Rich H 2-O 2 Engine System
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3.2.4 External Combustion System

An external combustion fuel rich cycle with exhaust heat

regeneration is shown in Fig. 3-5. The propellants are

burned in a constant pressure combustor external to the

engine cylinder, after which the combustion products are

admitted to and expanded in the cylinder. The H 2 is heated

in the regenerator prior to combustion by the engine exhaust.

The gas from the combustor is delivered to the expansion

engine at 1500 ° F or less. This temperature limitation is

necessary to prevent overheating of the engine inlet valve.

The BSPC for external combustion H2-O2 engines is in the

range of 1.3 to 1.7 lb/hp-hr. With heat feedback from the

vehicle or environmental control system, the oxidizer con-

sumption will decrease, resulting in lower BSPC. This type

of system is discussed more completely in Ref. 1.

02 Inlet Combustor

Exhaust

Fig.

H 2 Inlet

Regenerator

3-5 - External Combustion Fuel Rich System

with Exhaust Heat Regeneration

Expansion

Engine

Shaft Output
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3.2.5 System Considerations

The interrelation of O/F ratio, thermal efficiency, and BSPC

is illustrated in Fig. 3-6. This figure illustrates that per-

formance improves as stoichiometric operation is approached,

even if thermal efficiency does not decrease; however, the

improvement is not dramatic after a ratio of 2:1 has been

reached. In general the thermal efficiency ( _h ) of fuel

rich systems is higher than that of stoichiometric systems

because of the higher heat sink capacity available in the excess

hydrogen consumed by the fuel rich system.

Fig. 3-7 illustrates the theoretical BSPC for fuel rich and

stoichiometric H2-O 2 engines. Note the reduction in BSPC

as O/F ratio increases. The ramifications of more nearly

stoichiometric operation are:

1o Propellant weight is reduced

2o Tankage weight is reduced

3. System volume is reduced

4. Heat rejection is increased

5. Cooling weight penalty is increased

,.)o ,9

After establishing that the fuel-rich internal combustion engine

operating in a regenerative system, as shown in Fig. 3-1,

represented the best choice for the requirements of this pro-

gram, detail cycle analysis was conducted to establish the

optimum operating characteristics of the engine. Trade-off

studies were conducted for several methods of power modu-

lation to indicate which approach would result in the lowest

total propellant requirement for the load profile requirements

used in this program.
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3.3.1 Assumptions Used in the Basic Cycle Studies

lo

2.

3_

4.

B

*

7.

8.

9.

i0.

ii.

Engine speed = 4000 rpm

Design oxygen/hydrogen ratio = 2.0 (O/F of 0 to 8 used

in cycle studies)

Diagram factor = 0.9

Maximum cylinder pressure P1 = 2000 psi, for

operation on compressed boiloff propellants, and

P1 = 900 psi for operation directly from supercritical

tanks.

Exhaust pressure, Pe = 2 psia after blowdown in space

environment and 15 psia after blowdown in sea level

environment,

FMEP = ii psi (_ 4000 rpm

Alternator efficiency = 90%

Percent admission, a = 0 to 95%

Percent compression, b = 95%

Percent clearance volume, c = 5% for space environment

(vacuum), 12.5% for sea level environment, and 5 to 50%

for variable clearance vol. study.

Maximum exhaust temperature, Te = 2000oR

3.3.2 Cycle Analysis

The performance characteristics of hydrogen-oxygen engines

are best illustrated by first studying the idealized uniflow

engine cycle. External combustion H2-O2 engines operate on

this cycle, while internal combustion H2-O 2 engines operate

on a similar cycle with modifications to account for thermal

compression and cylinder filling losses.
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Fig. 3-8 illustrates an indicator diagram for an idealized

external combustion uniflow engine.

The work per cycle is equal to the area of the indicator card

diagram 1-2-3-4-5-1 which may be expressed:

i)w--,=,,(v2-v O,
" V2%V 3 psvs- %v4

where k is the isentropic expansion and compression coefficient

PV k = constant.

Equation 1) may be re-written using the identities:

VI=CD

V 2 = (a + c)D

V 3 = (b + c)D

V 4= (b+ c)D =V 3

V 5 = cD = V 1

V 2 - V 1 : aD

Fig.

Pl"

Cyilnder

Pressure

Pe"

"--.,3
5 {

,_ D

Volume

3-8 - Indicator Diagram, External Combustion Engine Cycle
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e,..s=p, (._.3 ] g-.----i:::', (a+cb,c)_

"vs P4C b'___

Thus, after simplifying and dividing by D

is by defiaitioa the idealized iadicated meaa effective pressure
D

v4
= idealized IMEP

D

arid

PI +_, k- ! _.c, '-I ) -I
_1 '' " "/

The gas flow lato the cylinder per cycle may be calculated by:

where T i -" to l;ixl !i¢_9,n_.
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Equation 4 is derived in Reference 2.

The specific propellant consumption is by definition the pro-

pellant consumption per unit work done. Thus,

W/
/._PC =--

5)

Substituting Equation 4) and the proper proportionality

constant in Equation 5):

6)
/SPC --

x /,98x/o

R T,, (/_pfl
The parameter (ISPC)RT is convenient for making comparisons

of performance at different temperatures and/or different

working fluids.

7) (tSFC) ¢ _'= :.98× I0 4' +_'- l-T__

//'/E_p I

The performance of an actual expansion engine can be estimated

from the above equations ifvalues of diagram factor (DF) and

frictionmean ef[ectivepressure (FMEP)or mechanical

efficiency (0 ) are known, or are estimated.
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By definition, diagram factor is:

8) DF- Acf  z /,'4EP

/,,'-xEP

and mechanical efficiency is:

77
9) 7/_ --

since BMEP = Actual IMEP - FMEP

3.3.3

Thus, brake mean effective pressure can be determined by

10a) BMEP = (DF) (Idealized IMEP) - FMEP or;

10b) BMEP = _-(DF) (Idealized IMEP )

The brake specific propellant consumption can then be deter-

mined by substituting BSPC for ISPC in Equation 6 or 7.

Thus, BSPC.RT = 1.98 x 106

BMEP/p,,

Analysis of the Idealized Internal Combustion Engine Cycle

An analysis was made of the internal combustion cycle where

unreacted propellants are admitted separately into the engine.

When combustion occurs following oxygen injection, there is a

rapid thermal compression (i. e. pressure rise)of the working

fluid. The rate of pressure rise (dp/dt) is largely a function

of the rate of oxygen injection. Rapid injection produces rapid

pressure rise. Also, injection near TDC permits nearly con-

stant volume combustion with more pressure rise, since

piston velocity is nearly zero. Expansion, blowdown, and
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residual compression occur as previously described in the

discussion of the external combustion uniflow cycle.

Fig. 3-9 illustrates a typical indicator diagram for the internal

combustion engine. Also shown in Fig. 3-9 is a superposition

of an idealized uniflow external combustion expander cycle

operating at the same peak pressure and admission. It is

apparent that the internal combustion engine work is equal

to the work of an external combustion expander minus the

areas A and B on Fig. 3-9.

C n

PI"

Cylinder

Pressure

Pi-

Pe"

2

J'" 4 ¸'

Fig. 3-9 - Indicator Diagram, Internal Combustion Engine Cycle

72



and W
D i

/

Thus after simplifying and dividing by D and expressing in

terms of displacement fractions

where b' = b-a'

Before Equation 13 can be used, a relationship between Pi and

P1 must be established. If constant volume combustion is

assumed then

The ideal combustion temperature rise with constant volume

combustion is

bU z" d_

ti
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where W 5' is residual gas from previous cycle.

where Q is the heat of combustion per pound of reactants.

This temperature rise would occur if no external heat leakage,

no dissociation, and no piston travel occurred. Experience shows

that combustion temperature rise (or pressure rise) in a constant

volume combustion process seldoms exceeds approximately

80% of the theoretical value. Therefore, in this analysis_ to

allow for cylinder heat rejection and other deleterious effects,

Equation 15 is modified to read:

It is believed that Equation 16 presents a more realistic

estimate of temperature rise AT c than Equation 15.

The heat release term Q is directly proportionM to the flow

rate of oxidizer in stoichiometric or fuel rich engine cycles.

S ta ted algebraically,

where QO2 is the heat release per pound of oxygen.

Equation 16 can now be

18)A T-c_-

(wz. c,,
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where Wi is related to WO2 by the O/F ratio, and the residual
W5' is a function of the exhaust pressure and amount of recom-
pression.

The relation between W i and WO2 is

- / )

By using equations 18 and 19, the combustion temperature T 1

and combustion temperature rise ATc can be computed for

various O/F ratios. The results of the calculation are shown

in Fig. 3-10 for illustrative purposes. The gas constant of

the resultant combustion products is also shown in Fig. 3-10.

By using Equations 18 and 10 (the equation of state), Equation

14 can be rewritten

20)R./P,-- _,,.

'/ ' _i_<a, <) Cv(,. o/:
The gas flow into the cylinder per cycle may be calculated

as follows:

21)
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The specific propellant consumption is: ISPC = Wi/W

22) p:_¢,)_ .=.

D

Practical design consideration (exhaust temperature and heat

rejection) dictates that T 1 of 4500oR or less, and Ti in the

vicinity of 1460°R be selected as the design point. For this

reason, operation in the O/F range of 2.0 appears near

optimum. Accurate data on thermodynamic properties of

H2-O 2 products of combustion were obtained from Ref° 3.

Substituting Equation 21 and the proper proportionality

constant in Equation 22.

I_," L........ ---= ......23) :_'_- 1.98 ,_ I_

RW.

The preceding comments concerning diagram factor and

mechanical efficiency are valid for both the internal and external

co mb us tion engines.

3.4

The pertinent results obtained from the parametric studies

of engine performance can be seen in the following section.

Methods of Engine Power Modulation

Many different methods of engine power modulation were

analysed but only five were finally considered to be practical.
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1. Variable hydrogen inlet pressure with fixed valve timing

2. Variable hydrogen inlet valve duration with constant
hydrogen inlet pressure.

3. Variable phasing of the hydrogen valve with constant
hydrogen inlet pressure°

4. Hybrid system_ combining variable hydrogen inlet

pressure with variable hydrogen valve phasing°

5. Hybrid system_ combining variable hydrogen inlet

pressure with variable hydrogen valve duration°

These five methods were studied in additional detail based

on the power profile data furnished by NASA°

The typical theoretical indicator cards at maximum and minimum

power for each of the five power modulation methods are illus-

trated in Fig° 3-11o It should be noted that the indicator cards

for the cycles using variable hydrogen valve duration and vari-
able hydrogen valve phasing are identical except for the greater

compression work at low admission in the latter method° The

basic difference in these two methods of power modulation is

found in the mechanical configuration° The variable phase

hydrogen valve method uses a single poppet valve while the

variable hydrogen valve duration method makes use of a dual

poppet valve°

In all cases it was assumed that the peak combustion pressure

was three times the hydrogen inlet pressure_ as indicated by

Equation 14 of Section 3o 3, and the curve of combustion

temperature rise versus O/F ratio shown in Fig° 3-10o It

was also assumed that combustion occurs under constant
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Typical Theoretical Indicator Cards

1.

Maximum Power

Minimum Power P

15-'-.\
I

V
VariabLe Hydrogen InLet Pressure

with Fixed Valve Timing

\ 2.

V

with Constant Hydrogen InLet Pressure

3
Ii

P I \

V

VariabLe Phasing of the Hydrogen VaLve

with Constant Hydrogen Inlet Pressure

i
V

4+4 t

Hybrid System - Variable Hydrogen InLet

Pressure + Variable Hydrogen Valve Phase

4, P1 = 1200 psi 4', P1 --900 psi

P

V

Hybrid System - VariabLe Hydrogen Inlet

Pressure + Variable Hydrogen VaLve
Duration

Fig. 3-II - Typical Theoretical Indicator Cards
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volume conditions. Due to the fact that some of the power

modulation techniques result in different values of BMEP_ it

has been necessary to vary the engine displacement from one

power modulation technique to another, as indicated on curves

of Fig. 3-12.

A graph of BSPC in pounds per hp.-hr vs. HP is presented

in Fig. 3-12. This graph is representative of an engine which

will generate power between the limits of 1.25 to 5o 0 hp (not

including power required to drive the compress.r.) Curve 4

in Fig. 3-12 shows the BSPC for the hybrid system operating

directly from supercritically tanked hydrogen at 300 psi and

oxygen at 1000 psi° It is clear from this curve that only a

very small BSPC penalty is paid by operating directly from

supercritical tanks and reducing the maximum combustion

pressure to 900 psi. The BSPC penalty is approximately 4%_

which is a small weight penalty to pay for a simplnied system

which does not require compressor operation except when

utilizing boiloff propellant°

The optimum displaceme :.-nent may be obtained by designing to

the weighted average power requirement° With a hybrid

power modulation control employing variable admission and

throttling techniques, an optimum but still flexible_ power

system can be designed°

A discussion of each of the power modulation methods analyzed

is given below.
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3.4.1 Variable Hydrogen Inlet Pressure with Fixed Valve Timing

This method requires a pressure regulator or throttle in the

hydrogen inlet valve. If a 30 ° duration hydrogen valve is used_

design studies show that the oxygen must be injected at 2% ad-

mission to obtain minimum BSPC° This is probably the least

complicated method of power modulation. With this method

the minimum BSPC is at maximum power and if the power

requirement is over a large range, the BSPC becomes ex-

cessive at the low power settings (Curve 1, Fig. 3-12)o The

only way that more power' can be derived using this power

modulation system is to increase inlet pressur% which in

turn increases combustion pressure to a point where the engine

could be ove:'_,tressedo This type of control would be best for

a nearly constant power requirement near the maximum power

limit.

3.4.2 Variable Hydrogen Valve Duration With Constant Hy__d_r_o__gen

Inlet Pressure

This power modulation method has been used on the experi-

mental test engine° The hydrogen valving consists of dual

concentric poppet valves with adjustable cams so the opening

point with respect to top dc's..2 center and the duration of hydro.-

gen admission may be adjusted to any desired value° The

oxygen is injected near the end of hydrogen admission° This

valve mechanism which has been reliable on the test engine,

is varied manually, but automatic control would be incorpor-

ated into a flight unit. This method of power modulation pro-

duces the minimum BSPC at the minimum power requirement

{C :rye 2, Figo 3-12). As the power increases the percent

admission is increased and BSPC also increases° An engine
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3.4.3

with this type of control would be good for a steady, low power

requirement with only short duration peak loads.

Variable Phasing of the Hydrogen Valve with Constant

Hydrogen Inlet Pressure

This results in approximately the same engine performance

as the variable duration hydrogen valve. The mechanism

is simplified in that only one valve of a constant duration

is used. The phase relation of the valve relative to the

crankshaft is varied and the percent admission can be varied

from 0 to the maximum duration of the valve. It appears

that a 30 ° duration is about minimum due to valve dynamics

limitation. The oxygen is injected just prior to the end of

hydrogen admission. The performance of an engine with this

tsr,_e of power modulation control would be the same as an

engine using the variable duration control (See Curve 3,

Fig. 3-12), except that a sngut '-'"'-'" -^_"''" at _h,_..... _o_-,., _=,,,_ occurs ....

minimum power requirements, due to compression work

caused by early opening of the hydrogen valve, as the piston

continues to travel upwards. The' _J.o_t work is noted as

area B in Fig. 3-9.

3.4.4 Hybrid Sys *^-'t=,,,. Variable .....T4yarngon Inlet Pressure and

Variable Hydrogen Valve Phasing

Combining variable hydrogen inlet pressure with the

variable phasing of the hydrogen valve will result in a

system which has a minimum BSPC at average power (Curves

4 and 4' on Fig. 3-12). The BSPC will increase as power is

either increased or decreased. The overall propellant con-

sumption can be minimized by designing to the average power
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3.4.5

requirement for the whole mission. This system is flexible

with respect to power requirement changes. An increase or

decrease in average power, or a change in the maximum or

minimum power, could be incorporated without a design change,

with a BSPC penalty only while operating in the expanded region

of the power profile. This type of power modulation control

is slightly more complicated than a variable phase hydrogen

valve, but the versatility of the system may warrant the slight

increase in complexity.

Hybrid System: Variable Hydrogen Inlet Pressure and

Variable Hydrogen Valve Duration

This system has the same advantages of flexibility and low

overall BSPC over an even greater power range than the above

system (See C urve 5, Fig. 3-12), and the controls would be

identical. This is the most complex system with regard to

the mechanism required to implement it, but is considered

the best choice on the basis of overall propellant consumption.

Other power modulation techniques investigated were:

lo

o

Variable engine displacement: This would result in an

engine with minimum BSPC at all power levels. Although

desirable, there is no practical means accomplishing

variable displacement with high reliability.

Variable clearance volume: This would result in an

engine with about the same characteristics as a variable

phase hydrogen valve or variable hydrogen valve duration.

The mechanical configuration would be more complex than

that required for either of the other two systems. If a
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moveable head was employed there would be sealing problems

associated with the high combustion pressures and very

high cyclic control forces to contend with.

Variable piston stroke: This would result in performance

like a variable clearance volume engine but it would have

a higher BSPC, since clearance volume would increase

as the stroke is decreased.

. Variable oxygen injector phasing: Phasing of only the oxy-

gen injector for power modulation is inefficient and BSPC

would be high. If the hydrogen were allowed to expand

and then combusted later in the stroke, a large amount of

thermal energy would not be used. The exhaust gases

would be very hot and this could also cause problems

with the exhaust ports or in the regenerator. The al-

ternative is to operate at low O/F ratios and thus lower

combustion temperatures. Each of the power modulation

techniques in Fig. 3-11 which utilizes variation in hydrogen

valve timing implies oxygen injector phasing. In each case

the oxygen injector wo_,d be timed to start injection just prior

,^ _h.. ,.1,_,,_ ,-,e th_ hydrogen valve.

Heat Rejection & Cooling Studies

Heat Rejection _,_aiy_,.o

The H2-O 2 engine has one unique characteristic which tends

to increase its heat rejection, as compared to conventional

air breathing engines. This is the use of a working fluid which,

by volume, is primarily hydrogen gas. The small cylinder size

required for the low power requirements of this program also

tends to result in higher heat rejection per unit of power delivered.

In recognition of this, the test engine was designed to permit

high temperature operation, with heat dams on the cylinder

head and piston crown, and with the intake valve isolated from
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the combustion zone by stratification.

An analysis of the heat rejection characteristics of engines is

presented using methods suggested in Ref. 4.. Ref. 4.

presents empirical data on heat transfer coefficient which can

be employed in the studies. Heat rejection is a function of the

following parameters.

h:film coefficient, A piston area, q_rate of heat transfer,

T--temperature, B:cylinder bore, K--conductivity, /_J_...._-viscosity,

speed,/g_ density, P=pressure, HP:power output.U=pis ton
I

I

PIIB

XJT
°_

by rearranging and assuming AT to be constant

where

M. W. is molecular wt.

HP s is specific horsepower - hp/in 3

Pr is Prandtl number, ..Z(_
/z
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AT is temperature difference between mean expansion

temperature and the cylinder wall temperature.

The heat rejection characteristics o£ two engines can be

compared as follows:

When specific power and displacement are equal but working

fluids are different:

When working fluids are the same but engine displacement

or specific power are different:

5-ZJ

A comparison between the heat rejection characteristics of

the Vickers H2-O 2 engine and a conventional air-breathing

engine can be made using Equations 5 and 6. In the H2-O 2

engine the working fluid is primarily hydrogen, and in the air

breather the working fluid is mostly air.

The H2-O 2 engine has 1.5" bore and HP s = 2. A typical

modern air-breathing engine has a 3.34" bore with an HP s

of . 5 al'ld aq/HP = 0413.

Thus:
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= o413x 1.64 x .707x 1°495 = 0.715

with thermal transport properties evaluated at an

assumed average temperature of 3000° F

A similar analysis can be made for a H2-O2 engine operating

on a stoichiometric rat}o of hydrogen and oxygen° In this case

the working fluid is steam, It can be shown that the heat rejection

characteristics (q/HP) would be 40% lower than that of an engine

operating on pure hydrogen, as assumed in the previous analysis.

Thus, there is a convincing indication that significant reduction

in heat transfer to the cylinder can be achieved in H2-O2

engines as more nearly stoichiometric operation is approached

ass_uning the value of AT remains unchanged.

Note that the preceding discussion assumes no insulation

on [he H2-O 2 engine° Effective thermal insulation should

reduce heat rejection appreciably.

The above analysis is based on the heat rejection characteristics

of the Willys 6-230 (as reported in SAE Paper 532A) englne

which has one of the lowest heat rejection raF:s of any air-

breathing engine reported to date° However_ it should be noted

that other automotive engines of similar size reject two to three

times as much heat as the Willys engine, which indicates that

low heat transfer characteristics can be achieved with judicious

design and development.

Included as Appendix __3in this report are the derivations and

results of the cycle analysis with the effects of heat rejection shown°
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3.5.2 Influence of Heat Rejection on Engine Performance

Regenerative Cycle

Figs. 3-13, 3-14, and 3-15 illustrate the effect of cylinder

heat rejection on a regenerative power cycle. The major param-

eter variation in these figures is the product_7__-_ ; where y

represents the fraction of heat rejected after expansion is corn-

and _ is the expansion efficiency of the engine ratedplete,

against an infinite expansion ratio.

These figures illustrate the change in cycle thermal efficiency

when heat rejection is considered, assuming exhaust temperature

remains constant which is dictated by material considerations°

When heat rejection is increased the engine must operate at higher

O/F ratios to maintain constant exhaust temperature°

O/F ratio changes cause minor variations of k and the product

of RT. If these changes are small, then BSPC will vary inversely

with net cycle thermal efficiency.

As expecied, iacreasia_ cylinder he_.[ rejec[iotL (x) lowers

thermal efficiency (/__-)° In an illustrative examplecycle

/_is assumed to be 0.50. Automotive engine heat rejection

data suggests that an emperical value of the heat rejection

"weighing" factor, y = 0.6 be used, thus,_= 0.30. The

effect of heat rejection rates (x) between 0 and 1° 2 are investi-

gated Cycle studies inrlir_t_ __at rvrl_ _Ffici_ncv with =_/ _

of about 0.5 may be achievable for H2-O 2 engines if no cylinder

heat rejection is realized. Now considering heat rejection in

this example case, it can be seen from Fig. 3-13 that when

x = 0,_ = 0.50; when x = 0o40,_,- = 0°449; and when

89



A A

II II

o

°_,_

o o

°_,,_

•,'_ _

II II II

+

o

II

E_uela!tt,gl oI_ED l_tUaoq.l. IoN = )¢_

1_. ,'a

0

¢xl •

°_-,I

o_

0

g_

0
a_

t_

,_.a Q;

I

!

90



36

.42

Fig.

• 32

.40

_, _ Cycle Efficiency

[ I
• 44 .46 .48 .50 .52 .54 .56

3-14 - Regenerative Power System Performance with

Cylinder Heat Rejection

.56

._2

X= 1.00

u

•_ X = .80 _
.48 __-_ __

.44

.40

• 36

• 32
.40

f_

.42

Fig.

_ --_Cycle Efficiency

44 .46 .48 .50 .52 .54 .56

3-15 - Regenerative Power System Performance with

Cylinder Heat Rejection

91

Z
x

J



x = 1. O, ff_zY_= O. 389.

with _2k_.

BSPC varies approximately inversely

To more clearly illustrate the effect of heat rejection on BSPC

Fig. 3-16 is presented. This figure shows the variation of BSPC

with heat transfer divided by BSPC without heat transfer vs. x

for various values of y.

Non-Regenerative Cycle

Non-regenerative cycles are not affected by the heat rejection

which occurs during the blowdown process, since at that point

all of the cycle energy has been extracted from the working

fluid. In a regenerative cycle, any heat losses which occur

after blowdown will reduce the available energy which can be

transferred to the incoming propellant. Although quantitative

data oa the non-regenerative cycles are not available at present,

qualitative conclusions can be drawn.

_9

O

2.4

2.2

2.0

1.8

1.6

j

14 j1.2 . J

1.0S 1

0 .4 .8 1.2 1.6 2.0 2.4

j,-
J

x = qc__________

2.8

HP

Fig. 3-16 - Relative Propellant Consumption vs. Cylinder Heat

Rejection for Regenerated Cycles
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A non-regenerative, stoichiometric engine cycle, will tend to

reject less total heat to the cylinder because of the higher

molecular weight of the working fluid. Since approximately

60% of the rejected heat is lost during the blowdown process

(Ref. 3), heat rejection will have less influence on the

performance of a non-regenerative cycle. It is reasonable

to assume that the loss in cycle efficiency with heat rejection

in a non-regenerative cycle will be less than the loss in a

regenerative cycle with equal rates of heat transfer. The

difference is accountable in the reduced energy transfer in

the regenerator.

3.5.3 Engine and Power System Cooling Studies

Engine and power system heat rejection is illustrated in

Fig. 3-17 as a function of O/F ratio. Also shown in Fig. 3-17

is the heat sink capacity of the hydrogen fuel. At O/F ratios

O

09

O

!

100

80 _ Heat sink availability (X--
from supercritical H 2

00 L\\\ ",'../,/

40'

TH2 i = 45OR .

TH2 i = 150"R

201

I i

---'-- Heat rejection by power

system including engine
+ 10% shaft power output

I I
Heat rejected by the

uluy U4/_ :- v. *o!

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2

O/F ratio

Fig. 3-17 - Available Heat Sink from Supercritical H 2 and

Engine Heat Rejection
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less than the 2.0 the cooling capacity of oxygen can be neglected.

Clearly the intersection of the heat rejection and heat absorption

curve defines an O/F region where SPU can be cooled by pro-

pellants alone. In the O/F region where heat rejection exceeds

heat absorption, the net difference must be rejected by a

radiator.

At the time of writing, no quantitative data on heat rejection

from an optimized engine exists. For analysis purposes an

assumption of q/HP = 0.75 at O/F = 2.0 is made. Heat

rejection is assumed to vary with film coefficient and aT

where:

AT = Tme-Tw

Tme = Arithmetic mean expansion temperature

Tw = Cylinder wall temperature assumed to be 860°R

Equation 3 is now rewritten in the form:

By using Equation 7 the q/HP values at various O/F ratios

can be calculated. Electrical losses (assumed to be q/HP=

0.10) can be added to the engine q/HP to define SPU heat

rejection.

The heat absorption curves were calculated for hydrogen inlet

temperatures of 45°Rand 150°R. These values represent
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temperatures at the beginning and termination of the design

mission for supercritical storage. The hydrogen is heated to

retain constant pressure. In the calculation BSPCoRTma x

was assumed to be independent of O/F ratio.

When the hydrogen is at an inlet temperature of 150oR and

the engine is generating electrical power, the hydrogen can

absorb all of the rejected heat at an O/F = 1.25. Any operation

at an O/F _" 1.25 will not require a radiator because the hydrogen

will do all the cooling. For O/F = 1.25 a radiator will be

required. This points out that for a short duration mission,

fuel rich operation may be advantageous, since the extra

hydrogen required for cooling may weigh less than the required

radiator and cooling system.

As expanded curve, (Fig. 3-18) illustrates the net heat

rejection for engines and APUs with 150oR H 2 at various

O/F ratioS,

The weight of radiators for space applications is a function of

mummu w .t.l_ o

1. Operating temperature

3. Sink temperature

4. Meteoroid damage probability

Each of the above factors will be different for each mission

and for this reason it is difficult (if not impossible) to gen-

eralize the weight of radiators.

In Fig° 3-19, two estimates of radiator weights are presented

which indicate the approximate magnitude of weight. The upper
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for lunar night and is good for

most- if not all of the lunar day.

See ARS Paper 2546-62 - Sept,

1962 for effective emissivity

in fac
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3-19 - Radiator Weight vs. Radiator Temperature

line is based on tmi-surface rejection with an effective

emissivity of 0.68. The lower curve considers a radiator

rejecting heat from both sides of the radiator with an

effective emissivity of approximately 0.42.

The electrical components operate at greatest efficiency at

low temperatures and therefore should be cooled with the

cold hydrogen. The hydrogen would have to absorb some

heat before it was used to cool the electrical components.

The tank outlet temperatures are too cold for the electrical

components.

3.6 Cryogenic Tankage Studies

The feasibility of both subcritical and supercritical tankage

has been investigated. With the present day "state-of-the-

art" tankage practices, only supercritical storage is feasible
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for the SPU operating in a zero g, space environment.

Although subcritical storage would be lighter in weight than

supercritical storage for short missions, there is at present

no reliable method of expelling a single phase fluid from a
subcritical storage container under zero---gconditions. This

problem is being studied by tank manufacturers at this time°

For longer missions, the increased weight of insulation

required for subcritical tankage more than offsets the

advantage of lower tank structural weight° Thus, super-

critical storage would be preferred for the mission require-

ments of this program even if a practical subcritical tankage
were available.

A supercritical tank will expel gaseous hydrogen or oxygen

at the desired pressure above the critical pressure of the

fluid. For the H2-O 2 engine application_ hydrogen at 300

psi and oxygen at 1000 psi were the selected design pressures°

At these pressures the engine operates on propellants supplied

directly from the tanks with no compression required° These

selected pressures assure delivery of supercritical fluids

while not imposing severe structural difficulties.

The supercritical storage tank weights are estimated to be

0.8 pound per pound of hydrogen and 0o2 pound per pound of

oxygen in the propellant range required for the design mission,

These tankage weight factors allow for a 100 hour storage period

witho ut venting or dumping propellant to prevent overpres-

surization. The effect of O/F ratio on total tankage weight

is shown in Fig. 3-20, which illustrates the advantage of

higher O/F ratio operation_ (reduced tankage weight).
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One disadvantage of supercritical storage is that it is not

practical to use more than 90% of the total stored fluid.

Pressure is maintained by controlled heat input to the tank

and because of this, only 90% of the total fluid is usable

because of excessive heat input required to expel any

significant portion of the last 10%. This necessitates carry-

ing more propellant than is actually required for the mission.

If low pressure storage was utilized, unusable residuals

would be reduced, but compressors would be required and

extra propellant would be needed for the engine to power

the compressors. The trade-off for propellant required for

compressor power vs. residual fluid trapped in the super-

critical storage tanks is approximately 10 percent of the

total propellant load in either case.
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The reliability of supercritical storage tanks is high° The

reliability for the total tankage systems design for a 350-hour

mission is estimated to be: ° 99994 for manned vehicles and

o 9993 for unmanned vehicles

The data for tankage weight factors and reliability were

supplied by Beech Aircraft Corp,

3.7 Operation of Boiloff Propellants

Consideration has been given to the operation of the hydrogen/

oxygen internal combustion engine system on hydrogen and

oxygen boiloff which may be available from the propulsion

tankage of upper stage hydrogen/oxygen fueled boosters° For

the primary mission used to establish the requirements of

this program, propulsion tankage boiloff may be available for

the first 100 hours of the mission° During this period it was

considered desirable to provide the capability of operating

from either boiloff or on-board supercritical tankage° After

the 100-hour point, all system operation would be on propellants

derived from supercritical storages and at this point_ the

hydrogen and oxygen compressors required for boiloff oper-

ation could be shut down by declutching them from the engine_

as described in Section 2.

3.7.1 Uncontamina ted Boiloff

Operation on boiloff propellants in a relatively pure state_ that

is, uncontaminated by inert pressurization gases or other

impurities, appear to be completely feasible for the require-

merits of this program. It was assumed that boiloff hydrogen

would be available to the system within the pressure range of
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15 to 175 psia at temperatures between 37oR and 60oR. The

oxygen would be available in the same pressure range as the

hydrogen at temperatures between 160oR and 200°R. Com-

pressor design considerations have indicated that the boiloff

propellant pressure level at the compressor inlet should be

reduced to 15 psia in order to simplify control of propellant

flow to the compressor. The most attractive method of con-

trolling propellant flow is to compress sufficient propellant

to meet maximum engine demand and then spill or damp

overboard the amount which is not required by the engine

during periods ok part-load operation. Although this will

result in higher SPU propellant consumption, the propellant

consumed during this mode ok operation would be wasted

anyway. Hence, this control method does not impose a

weight penalty upon the boost vehicle itself. As long as rel-

atively uncontaminated boiloff gases are available, it appears

that their use as an energy source for the SPU will be simple

and straightforward except for interface problems which

may exist between the vehicle power system and the booster

tankage system. This is an area which was beyond the scope

of this program and it will require considerable attention

u_ur_ fileuse o_ uuuu_, _o__powe_ _geltera_ion can really be

considered serio uslyo

T-T ^1: ,. T_._I ,. I-." _•_-v..um J.J.L.I. ULJI.UII of II_^'°1_e_" .... "_1^ _a.__u.u.uJa.P rup_xlal[t_

One of the areas to be considered in studying the operation

of the hydrogen/oxygen power system __,.sing boi!off propellants

is that of the effect of helium dilution of the boiloff available

from booster propulsion tankage° There is a possibility that

both oxygen and hydrogen propulsion tanks may be pressurized

with helium during the firing of the rocket engines for mid-

course correction operations. Immediately after firing the
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rocket engines the percentage of helium in the ullage space of the

propulsion tankage may be as high as 65% helium in the hydrogen

tank, and as high as 45% helium in the oxygen tank. The per-

centage dilution decreases with time, after firing of the engines.

if the tank is vented, and/or if gas is withdrawn for use in the

APU. This, of course, is due to additional gases being boiled

off from the liquid propellant. However, it may take five to

ten hours before the helium left in the tank is reduced to a

negligible amount.

As many as six course-correction firings may be required in a

typical mission.

Helium contamination produces two net effects: (1)propellant

consumption (BSPC)is increased (2) mechanical control is

severely hampered. The DSPC increases because the helium

is a less effective diluent than hydrogen° When operating with

contaminated propellants two events or a combination thereof

could occur.

.

1

Hydrogen-helium mixtures: If oxidizer flow is constan_

(and thus power output constant))and with no He mixed

therein, fuel (H2/He) injection pressure must be increased

to admit diluent to prevent excessive combustion temper-

ature. Since the specific'heat of the H2fl-Ie mixture is

lower than pure H 2 it is obvious that the weight of the

H2/He mixture will be higher than if pure H2 were

available, thereby increasing BSPC.

Oxygen-helium mixtures: If no He is present in the H2

(i°e. pure H2),but is present in the 02, the oxidizer

injection pressure must increase to a value which will
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permit the same amount of O 2 to enter the engine in the

O2/He mixture as would enter with no He contamination.

This is necessary to maintain constant power since power

and oxidizer flow are practically directly proportioned. If

the H 2 flow is not reduced_ overcooling of the products of

combustion will occur, which will increase the BSPC°

Of the two above events, the He/H 2 mixture presents fewer

control problems. This is because the molecular weights of

H 2 and He (2 VS 4) are more nearly equal than the molecular

weights of O 2 and He (32 VS 4). Obviously the molecular weight

of a He/O 2 mixture will be between 4 and 32 and the molecular

weight of a He/H 2 mixture will be between 4 and 2. Three very

apparant mechanical problems can occur.

lo Oxygen injection pressure_ and thus_ oxidizer compressor

pressure ration, must increase inversely with the square

root of mixture molecular weight to assure rapid enough

injection. This may require pressures in the 3000 to

4000 psi range.

o

.

Besides having a variable outlet pressure_ the compressor

must have a throttled inlet to regulate the flow demanded by

the engine. The inlet pressure must vary inversely with

molecular weight while the exhaust pressure varies with

the square root of the molecular weight°

The controls problems are certainly formidable even if

a "programmed _' intelligence can be built into the control

system to permit it to respond to the effect of He. To

date no satisfactory method of determinimg the He conL

centration of either H 2 or 0 2 exists° The feasibility
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of adequately controlling the power unit under these con-

ditions appears doubtful unless adequate sensing can be

provided. Stratification of He and 02 or He and H 2 is a

distinct possibility_ which even further complicate the

problems°

There are several alternative modes of operation with con-

taminated boiloff which may tend to reduce or eliminate some

of the above problem areas. For example, during periods of

relatively high helium contamination in the oxygen_ it would be

possible to operate from the on-board supercritical oxygen supply

while continuing to operate with boiloff hydrogen_ even with some

helium mixed with the hydrogen. Although this would require

extra oxygen to be carried on board_ it might be a more attractive

solution than other complex solutions which would permit the

operation with contaminated oxygen. Another possibility is to

include an oxygen liquification system within the boiloff propel-

lant supply system. Boiloff hydrogen and/or hydrogen and helium

mixture can be used to condense oxygen vapor present in the

mixture of oxygen and helium° The liquefied oxygen and the

helium still in gaseous form could be separated by means of a

centrifugal separator. The liquid oxygen then could be pumped

to the engine supply pressure as a liquid or i£ could be revaporized

and compressed to the desired pressure with the oxygen com-

pressor which is part of the SPU design evolved in this program°

Oxygen liquification by this means would add considerably to the

complexity of the system and require development of means of

handling two-phase fluids in zero g environment° It might be

justified on the basis of overall weight savings for a mission during

which boiloff were available for a considerable portion of the

total mission.
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If pure boiloff hydrogen and oxygen are supplied to the compressors,

these propellants can be used by the H2-O2 engine with no diffi-

cuity. Helium dilution in either the hydrogen or oxygen boiloff

will cause severe control problems - particularly in the areas

of matching compressor to the engine and providing adequate oxy-

gen injection into the engine to produce power.

The desirability of making the hydrogen/oxygen SPU capable of

cperation from boiloff, particularly if the boiloff is unavoidably

diluted with a pressurization gas such as helium, must be sub -

ject of considerable additional studies with the firm requirements

of a specific application in mind. In principle, it is an attractive

concept, but may involve interface problems of considerable mag-

nitude as well as increased system complexity, particularly if

the dilution of the propellants by pressurization gases or other

contaminants is of significant magnitude.

3.8 Compressor Analysis

Compressor work curves for saturated vapor inlet are presented

in Figs. 3-21 and 3-22.

Hydrogen compression work was calculated from a temperature-

entropy diagram for hydrogen, assuming 75% compressor efficiency.

Oxygen compression work was calculated from the following expres-

sion:

1) workactual =_m Cp _'-(I:)_-z/_pl _ _ (7_'1
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using the following numerical values:

I
X-<_-/

Because of uncertainties and lack of definite information

regarding the use of helium diluted boiloff, all of the com-

pressor analysis work was based on use of pure hydrogen

and pure oxygen boiloff.

Conclusions

From the foregoing parametric studies, considering all of

the influencing factors such as propellant supply conditions,

thermodynamic cycle considerations, power modulation and

cooling requirements, the following conclusions can be drawn.

lo The best type of power system for the mission requirements

of this program is an internal combustion hydrogen/oxygen

engine operating in a regenerative power cycle at an O/F

ratio of 2.0.

o

.

Exhaust regeneration is a feasible mei/zud of iiicreasing

thermal efficiency, which results in a lower BSPC.

The system giving best overall performance for the

sample mission uses a combination of hydrogen throttling

and variable hydrogen inlet valve duration. The engine is

sized so u,,tLu,_ ,_,_,,_,.................v'-'",e.

throttle and minimum admission, which is the most

efficient operating point. This power modulation method

was selected to be employed in all future development.
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The most simple system uses a hydrogen throttle with a

constant valve opening and delivers the greatest efficiency

at maximum rated power. This system is not suitable for

the power profile to which the present engine is designed°

If O/F is less than 1.25 an H2-O2 SPU can operate without

a radiator, because the hydrogen will absorb all the

rejected heat from the engine and alternator°

Considering 1963 technology in tankage, supercritical

storage is preferred for the cryogenic propellants under

zero gravity conditions.

If boiloff propellants are available from the booster

propellant tanks in a relatively pure state, it is feasible

to compress them and use them in the H2-O 2 engine°

I

I

I

I
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4.0

4.1

MISSION ADAPTABILITY STUDIES

Introduction

In order to establish areas in which the hydrogen/oxygen internal

combustion engine may provide an attractive source of power,

its application to a number of alternate missions in space was

studied. The primary mission upon which the power system

described in Section 2 of this report is based is that of a two-

week, earth to lunar, landing and return mission.

The adaptability studies conducted were divided into three general

areas:

1. General application of the H2-O2 engine APU concept to

various space missions.

2. Specific application of the 3 kw H2-O2 APU currently being

developed in this program to various space missions.

3. Discussion of operational considerations affecting H2-O2 APU

application for spacecraft auxiliary power.

4.2 Sco___Deof Studies and Assumptions

An H2-O2 power system was sized for the following four space

missions, each of which have different power requirements. 1

1. Earth to Lunar Landing

2. Lunar Excursion Module

1 Load, energy, and duration requirements were supplied by

NASA.
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4o3

3, Lunar Roving VehicLe

4, Earth Orbit Space Station

As many parameters as possible were kept constant for the

various mission studies which are Listed below,

1o O/F : 2°0

2. ALL propeLLant is supplied from supercriticaL storage tanks

3o Hydrogen suppLy pressurc: 300 psi

4o Oxygen supply pressure = 900 psi

5, Required propeLLants incLude 10% residuaL trapped in the

storage tanks.

Application of H202 SPU Concept to Space Missions*

i

I

I

I

4o3ol Earth to Lunar Landing

This mission requires electrical power at an average Load of

1o 6 kw for 350 hours° The power requirements vary between

0o 75 kw to 3o 0 kWo

The power system designed to fuLfilL the above requirements

would include a one cylinder H2-O 2 engine coupled to an alter-

natoro During the first 100 hours of operation_ boiLoff pro-

pe_l_ant may be avaiLabLe from the main propellant tanks.

Compressors are incorporated in the power system to utilize

boiLoff propellant if it is availabLe° During the last 250 hours

ALL calcuLations in this section are based on variable phase H 2 valve

power modulation° After calculations were completed_ variable

duration power modulation was adopted_ which results in @ 6% pro-

peiLant and tankage reduction°

ii0



the propellants will be supplied from supercritical storage tanks.

Total propellant requirements were determined for two possi-

bilities (1) no boiloff available (2) boiloff available for the first

100 hours.

This mission was used as the basis of the power system design

studies, therefore, the existing power system was designed to

fulfill requirements of this mission.

A summary of the power system and load requirements are

listed below:

Average power

Maximum power

Total energy

H2-O 2 engine displacement

Power system dry wt.

Total Duration

Complete system volume

Oil consumption

Propellant wt.

Propellant tank wt.

Total Weight

Propellants

Propellants for

for 250 hrs

350 hrs (100 hrs on boUoff)

1.6 kw 1.6 kw

3.0 kw 3.0 kw

558.3 kwh 558° 3 kwh

2.77 cu. in. 2.77 cu. in.

S7.0 lbso 87o0 lbso

350 hrs. 350 hrso

88o8 cu. ft. 65o4 cu. ft.

15.0 lbs. 15.0 lbs°

938.0 lbs. 690.0 lbs°

376.0 lbs. 276.0 lbs.

1416.0 lbs. 1068. 0 lbs.

The mission design calls for continuous power but the power

system would have startup and shutdown capabilities. For a

mission of this duration a consumable oil system would be used

because of minimum complexity with only a slight weight penalty.
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4.3.2 Lunar Excursion Module

The LEM mission requires electrical power at an average load

of 0.48 kw for 49.5 hours° The power range varies between

0.20 kw and 0.90 kw.

A power system designed to meet the above requirements would

include an H2-O 2 engine driving an electrical generator

(ac or dc as required). All the propellant would be supplied

from supercritical storage tanks. The propellant tank weights

for this mission are slightly higher than the numbers in the

cryogenic tankage section of the parametric studies would in-

dicate because the tanks for this mission are approaching

minimum weights_ independent of volume°

Because of the extremely low power level requirements of the

LEM, it is not the most la_TorabLe application fo_' the H2-O2

internal combustion engine. For this application? the H2-O2

SPU appears to be slightly heavier than a hydrogen/oxygen

fuel cell which would satisfy the aame electrical power require-

mentso This is because the fixed w,_]ght of the engine does not

vary linearly with power level as does the fixed w,_ight of the

fuel cell system. Engines in the small horsepower range

typically weigh more per horsepower output than do higher-

power, larger engines. If the power requirements for the LEM

should increase from the initial levels indicated_ the H2-O 2

engine would then become increasingly attractive i or this ap-

plication. This is an important point to keep in mind because

the final power requirements for a particular mission usually

turn out to be higher than was originally estimated°
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A summary of the H2-O 2 power system specifications to meet
the stated requirements of the LEM mission are:

Average power

Maximum power

Total energy

Duration

Engine displacem ent

Complete power system volume

Dry power system wt°

Oil consumption

Total propellant

Propellant tanks

0° 48 kw

0.90 kw

23.6 kwh

49.5 hrs.

0° 8 5 in3

8.3 ft3

35° 0 Ibs.

1o0 lbs°

84° 0 lbs°

50.0 lbs.

Total Weight i70+ 0 lbs.

4.3.3 Lunar Roving Vehicle

Currently, there is considerable speculation as to the best

means of propelling roving vehicles on the lunar surface. Un-

doubtedly, locomotion of lunar vehicles will be accomplished

by _'";_.LILI.LL(::L.L L_J _ILa,.I.L _I@".J W I., ,L '.._..LV'... _)'_,._

today's earthbound vehicles. The basic problems of delivering

power to produce torque at a wheel (or track) are quite the same

.... * ^- ,.,,e nr the moon+

Since lunar roving vehicles must be transported to the moon via

a logistic carrier vehicle: every effort must be made to minimize

the weight and volume of the roving vehicle and its equipment.

In this respect, the selection of locomotion systems is different

than on earth, where low cost and long life are the prime

consideration.

113



In this section information is presented on various power systems°

Weight and efficiency data are presented for hydrogen/oxygen fuel

cell and engine power sources; and electric, hydraulic, mechani-

caL, and pneumatic transmission systems° Various combinations

of these components can be used to propeL a lunar vehicLe, and by

using the included data, the various system parameters can be

compared. To illustrate the application of the data, three (3)

vehicle power systems using various combinations of the compon-

ents are shown in figure 4-1o

The power system in a lunar roving vehicle must produce torque

at the wheeLs of the vehicle as well as supply accessory require-

ments and, if manned_ suppLy power for life support equipment°

The methods of Locomotion will probably be the same as those

used on "off the road type '' earth vehicLes, with emphasis on light

weight. The power required is estimated to be as high as 10o 0

horsepower, depending on the terrain.

An internal combustion H2-O 2 engine could be used with a

mechanical drive train using either a manual or automotive type

automatic transmission° Electrical and hydrostatic drives could

be used, with individuaL motors mounted at each wheel° Another

approach would be to use a central H2-O 2 combustor with an

expansion engine at each wheel° The major advantage of the

tatter system (at the cost of increased BSPC)0 is that no radi-

ator is required for cooLing the power system or vehicle° Also

considered was a hydrogen/bxygen fueL ceil providing power to

electric motors at each wheel°

Power Plants

Both external combustion (EC) and internal combustion (IC)

engine concepts were considered° The EC engine represents a
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simpler configuration than the IC engine. The IC engine is

more efficient than the EC engine and thus consumes Less pro-

peilant. The IC engine power plant requires the following

components for operation:

i. Engine

2. Regenerator

3. Controls

4. Miscellaneous accessories.

Operation at an O/F ratio of 2.0 gives the Lowest BSPC but

a radiator for waste heat rejection is required. Operation

at O/F < 1.4 would not require a radiator for cooling but BSPC

would be slightly higher and propellant volume greater.

The EC engine power plant includes the above items plus a

remote combustion chamber where the propellants are burned,

creating hot gases which are ducted to reciprocating expanders

at the wheels and power take-offs. Operation at O/F ratio

of 0.4 is recommendedo No radiator is necessary with the EC

engine.

Hydrogen/oxygen fuel cells being developed for scapecraft aux-

iliary power application could also be applied to the LRV. The

fuel ceil consumes less propellant than the engines previously

discussed, but is penalized by a larger fixed weight than the

engines. The fuel cells under consideration operate at the

stoichiometric O/F ratio of 8 and weigh I,,,,,,__ per '.... A/UU LUg. L_ _,,' o ,-"-'-*

radiator is required with the fuel cell.

Transmission Svstems

A discussion of each of the power transmissions follows.
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Manual Clutch and Gearbox

A manual transmission, coupled with a differential and drives

to each wheel, would be the most conventional design with the

highest efficiency. A system of this type would have high re-

Liability and the technology required to develop such a system

is readily available.

Hydrodynamic Tvpe Transmissions

A hydraulic torque converter plus automatic gearbox,

used in modern automotive automatic transmissions,

possibility for the lunar roving vehicle.

as is

is another

The torque converter may have a peak efficiency of 90%, if

the efficiencies currently being achieved in larger sizes can be

maintained down to the 10 hp level° However_ the torque con-

verter efficiency ranges from 0 to 90% in the usable speed range,

and the overall average efficiency of the transmission would be

considerably less than the peak value°

This type of transmission would have the advantage of requiring

Less attention from the vehicle operator so that he could devote

more attention to the problems of negotiating the vehicle on

unfamiliar terrain. However_ this type of transmission has

lower efficiency than the manual type.

I
I

I
I

I
I
I

I

i

I

Hydrostatic Transmissions

A hydrostatic transmission system requires a pump, hydraulic

Lines, and a fixed displacement motor at each wheel. If the

vehicle requires variable speed capabilities, a variable dis-

placement pump is needed.
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The hydrostatic transmission system has two disadvantages

over other types. While the system is in operation, the radi-

ator must be used to cool the hydraulic components. Still,

the hydraulic system may be the lightest in weight, even with

the additional radiator area. The hydraulic component weights

given in the data section have been optimized for size and mini-
mum weight, including the radiator needed to cool them. The

second disadvantage is the need to prevent the hydraulic fluid

from freezing if the vehicle has a waiting period. This could
be easily accomplished with a small heat source. The ad-

vantages of the hydraulic system are that the hydraulic rotating
units are much lighter in weight than their electrical counter-

parts, and the hydraulic systems have proven reliability and
should operate well in a lunar environment.

Electric Transmissions

An electrical transmission system requires electric lines and

motors if a fuel cell is used as a prime mover. If an H2-O 2

engine is the power source, a generator or alternator is also

required, in addition to the motors and lines. If dc motors

were used, they would have to be hermetically sealed in urdel-

to operate in a lunar environment° An alternator and an ac

motor is an attractive combination because the power output

and speed can be varied by changing the voltage and frequency

of the electricity, which could be accomplished with the engine

speed control. A disadvantage of electrical components is that

t,,=_ are ,._uv... _.... .... , ............ _ .......................

that the electrical components can operate over a wider temper-

ature range and are less affected by extreme low temperature

than are hydraulic components.
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Pneumatic Transmissions

In a pneumatic transmission, hot gas lines carry the combustion

products from a central H2-O 2 combustor to expansion engines

at each wheel. These lines are sized for low pressure drop

which results in high efficiencieso In a lunar environment_ there

would be a small radiation loss which could be minimized by

gold-plating the hot gas lines° For a single shaft output_ such

as would be required by a tool, this type of system has the

lowest total system fixed weight° The main advantage of this

system is that no radiator is required.

Propellant Tankage

At the present time, supercritical storage tanks seem to be the

preferable method of storing cryogenic fluids for lunar surface

operation even though lunar gravity makes supercritical fluid

properties unnecessary° Subcritical tanks may not be desirable

because of their light structure, which may be damaged by shock-

loading during landing° Also_ additional insulation weight wo_ld

be required if the propellants had to be stored for a long period

of time before use° .It may be possible to use superc_itical tanks

as structural members of a lunar vehicle_ which would be im-

possible with subcritical tanks°

Cooling

Radiator weights are included in the component weights where

radiation cooling is required° The radiator weight includes all

coolant, pipes, fittings, etCo_ necessary for a complete space

radiator. The weights used are based on an 840°R radiator,

average temperature°
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WEIGHT AND EFFICIENCY DATA

Drive Coupling

The speed reduction coupling between motor and shaft for a

50 rpm shaft weighs approximately 1 lb./hp and is 8_o efficient.

Motors, Pumps and Generators

T_ Weight

Hydraulic motor*

Hydraulic pump*

DC Traction motors*

DC Generator*

AC Traction motor

AC Generator

Transmission Lines

Average Efficiency

Over the

useful speed range

0.8 tb./hp 88%

0.8 lb./hp 88%

8.0 lb./hp 8 5%

4.0 Lb./hp 85%

6.0 tb./hp 85%

6.0 lb./hp 85%

Line weights inctude wire, tubing, or ducting, ptus bracket

fitting insulation, fluid, conduit, reservoir, etc., as required

for each system. Note that each t}-pe of transmission line has

a constant weight per foot of length up to 40 feet and up to 15

or 20 hp. This is because minimum practical sizes exist for

each type of line.
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T_ Length HP Weig__ Efficiency

Hydraulic lines* 0-40' 0-15 0.45 lb./ft. 98%

Electric wire* 0-40' 0-15 0o 50 lbo/ft. 98%

Hot gas lines 0-40' 0-20 0o 50 lb./ft. 98%

*The hydraulic and electrical components weights include the

weight of the radiator necessary to reject heat from the hy-

draulic components. The other components do not need a space

radiator_ they can reject the heat themselves.

Automotive type Drive Train

Transmission T_'pe Weight

Average Efficiency
Over

useful speed rang_e

Torque convertor and

automatic gearbox
1.2 Ibo/hp 7 5%

Manual clutch and
1o0 lbo/hp 95%

gearbox

Final Drive Train; Shafts and Differentials**

Two Wheel Drive

Four Wheel Drive

1.0 lb./hp 90%

1o 5 lbo/hp 81%

**Estimates for a lunar roving vehicle application based on

earth vehicle data.
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H2-O 2 Engine Weights (IC or EC)

Min. or Fixed

Basic Engine

Regenerator

Control System

Lube System

MisceLlaneous accessories

Radiator for IC engine

Combustor for EC engine

2.0 lb/hp from 3.5 hp

0.2 lb/hp add to

1.85 lb/hp add to

O. 1 Ib/hp add to

3.5 lbo

2.0 lb.

3.0 lb.

5.0 lb.

4°0 lb.

0o0 lbo

0.5 lbo

REPRESENTATIVE ROVING VEHICLE PROPULSION SYSTEMS

Figure 4-1 schematicatly illustrates three (3) representative

vehicle propulsion systems. They are:

t'A_t External combustion (EC) expansion

engine with hot gas transmission

t t ]:_W Internal combustion (IC) H2-O 2

engine with hydraulic transmission

tTCVt Fuel cell with electric transmission

It must be stressed that these are only three (3) of a variety of

power system configurations it would be possible to devise.

In each case illustrated, final drive to the vehicle wheel is

through a harmonic drive* speed reducer, which enables a

hermetic seal to be provided between the speed reducer section

*United Shoe Machinery Corp proprietary design.
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and the wheel, thus eliminating leakage to the hard vacuum en-

vironment.

In the configuration "A" shown in figure 4-1, power is trans-

mitted to each wheel by an expansion engine via a harmonic

drive. Each engine receives the hot products of combustion

of hydrogen and oxygen from the combustor through the

"pneumatic" system. Each engine has individual controls to

permit regulated power application to each wheel. Propellants

are supplied to the combustor on demand. No cooling radiator

is required for this configuration since the heat capacity of

the hydrogen fuel is sufficient to absorb the entire heat load.

Configuration "B" in figure 4-1 uses a single IC H2-O 2 engine

driving a variable displacement hydraulic pump. High pressure

hydraulic fluid is transferred to the fixed displacement hy-

draulic motors and harmonic drives at each wheel. A control

system on the engine regulates the flow of hydrogen and oxygen

to the engine. A radiator is required to reject the waste heat

from the engine and transmission if operation is at O/F > 1o 4°

The all electric system "C" illustrated in figure 4-1 employs

a fuel celt driving traction dc electric motors at each wheel°

The motors transmit power to the wheel via harmonic drives

which enables each motor to be hermetically sealed. A radi-

ator dissipates the waste heat from the fuel cell.

Mission Requirements

The power requirements for the lunar roving vehicles were

given by NASA for three (3) different terrain conditions,

Maria, Near Craters, and Upland.
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Maria Near Crater U_l_land

Avg. power kw

Max. power kw

Total energy kwh

Duration hrs.

3.35 3.5 4.04

6.5 6.5 6.5

200.8 215.2 242° 1

60° 0 60.0 60.0

The IC H2-O 2 engine power system was sized for these power

requirements for four (4) different types of power transmission°

A summary of the results is presented below:

Complete sys. vol ft3 34.1

Engine Displacement in 3 6.53

Total Propellant wt.

lbs***

Propellant storage

tanks wt. lbs

36.7 40° 4

6.53 6.53

345.6 370.5 415.0

139.0 141.0 166.0

An estimate of total power system weights, based on a 10 hp

IC engine, and transmission system efficiencies_ follow:

***These performance firgures are based on an IC H2-O2

engine with a transmission efficiency of 64%. The propellant

consumption and propellant storage tank weights will be in-

versely proportional to the overall transmission efficiency of

the type of system used in a lunar roving vehicle.
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Type of transmission

Estimated mech

system wt (Less

propellant and

storage tanks)

E stimate overall

transmission

efficienc V

Electrical motor on

each wheel

Hydraulic pump with a

hydraulic motor on

each wheel

210.6 lbs 66.7%

94.2 lbs 60.5%

Mechanical (clutch, gear-

box, and differentials) 69.5 lbs 77.

Hydrodynamic (automatic

transmis sion and dif-

ferentials) 71.5 lbs 73%

The H2-O2 engine ....."WUUIu be .... 1-_1_ ,-,{ rn,,lt|pl_ _tarts and stops

The power system would be able to endure storage periods in the

lunar environment without any problems.

For comparison, the weights for the three systems shown in

Fig. 4-1 are presented in Fig. 4-2 at two power levels; 4 hp and

i0 hp. It will be noted that the IC engine powered vehicle is the

tightest (has the highest payload for same gross weight) within

the range of the most probable total energy requirements.

4.3.4 Earth Orbit Space Station

Two electrical power requirements were considered for this

mission. The duration of both is 1000 hours. The load profile A
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at a Constant Power Output vs. Time
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is a 7.5 kw average load with a maximum load of 12 kw, and

load profile B is a constant 12 kw loado

The weights and volumes for the propellants and storage tanks

shown in the performance summary were calculated on the basis

that the total propellant would be available at the start of the

mission. This would be unrealistic if resupply capabilities

existed.

A performance summary of the specifications to meet the mis-

sion load profiles is given below:

Load Profile A Load Profile B

Average power kw

Maximum power kw

Total energy kwh

Duration hrs.

H2-O 2 engine displacement in 3

Propellant wt. lbs

Tank wt. lbs

Power unit wt. Ibs

Power unit vol. ft 3

Propellant tank vol° ft 3

e.3Total voluroe ,t

7.5 12.0

12.0 12.0

7500 12,000

1000 1000

13.0 20,8

12_ 500 20_ 000

5,000 8,000

3°0 400

1164 1867

11W7 1R71
.i...Lv e _ , --

The lubrication systems in this power system would preferably

be the recircu!ating type with provision for zero g operation in

order to reduce the quantity of oil required for extended periods

of operations.

Due to the relatively permanent nature of an orbiting space sta-

tion, neither the H2-O 2 engine system or any other open cycle
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expendable propellant power system represents an optimum

selection for the main station power supply system. Undoubtedly,,

the first permanent space station will employ solar cell power

systems for primary power° Later, solar dynamic or nuclear

dynamic systems may be optimum as the state-of-the-art of

these systems advances.

However, for any manned orbital space station operations_ it

will be necessary to have an emergency standby power' system

which is independen L and preferably of a different type_ from

the primary power system. The H2-O 2 engine power system
appears to be a very attractive choice for meeting this need.

In this regard it is discussed to a greater extent in Section 4.4. l o

4.4 Application of Current 3 kw H -O2_:_Q2__Engine Power Svstem to

Space Missions

4.4.1 Manned Space Station

The 3 kw H2-O 2 APU being developed under this contract may

serve effectively as an emergency source of electrical power

for a manned space station The power level is adequate_ based

on latest design information°

The selection of the primary source of electrical power will

be dictated by a detailed trade-off study_ considering the

logistics of propellant re-supply versus use oi nuclear o_ solar

emergency power.

The use of a H2-O 2 APU as an emergency source of electrical

power is feasible for extended durations of weeks or months

in view of the low boiloff rates which can be achieved with new

super insulations being developed for supercritical tankage_

Boiloff rates of fractional percentages per day are now
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taking place with the lunar excursion module, the power

requirements of the basic Apollo vehicle still remain approxi-

mately the same. Thus, the H2-O 2 engine powered APU stilI

provides a possible alternate or backup system for the fuel

cell power system which has been selected for the Apollo ve-

hicle. Should the Apollo mission power requirements change

and require a higher power level, particularly if the higher

peak power is required only intermittently, the H2-O2 engine

system could be installed in the vehicle to supply the peak

power demands over and above the average power provided by

the fuel cell system, at a much lower installed weight than

additional fuel cells. Since both the fuel cells and the engine

would use the same propellants, it would be necessary only

to increase the tankage size slightly and the inclusion of

separate tankage for the dynamic power system would be avoidedo

Also, the inclusion of the H2-O 2 engine power system in the

same vehicle, which also uses fuel cells to provide the basic

vehicle power, could provide a degree of redundancy which is

impossible to achieve by simply adding the multiple units of

the identical type. With multiple identical units, a particular

failure mode could possible affect all units similary within a

fairly narrow time _pai_. However, if -^"'---' ..... ,o ._h,,_,,..n

by employing multiple systems of entirely different concept to

do the same job, the chance of a single failure mode affecting

all systems would be greatly reduced. Thus, .,_._'_,"_...m.._'_'_ m;_s;o-s..._. ..

where an extremely l'5gh degree of reliability is necessary, it

may be possible to achieve this reliability at a much lower

+,-,+.1 .... ;_h÷ h,T arnnlniHncr hoth _ hydrogen/oxygen fuel ceil and

an H2-O 2 engine to develop the necessary power.
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4.4.4 Miscellaneous Applications

H2-O 2 SPUs will be optimum or competitive for the following

missions:

1. Recoverable liquid rocket booster

2. Manned satellite inspectors or interceptors

3. Advanced boost-glide vehicles

4. Extreme altitude (over 100_ 000 ft) balloons

5. Portable power for tools and other shaft power requirements

in space, and lunar and planetary surface operations°

The scope of the present contract did not permit study of SPU

requirements for these missions, but future effort should be

directed to application studies for these missions.

4.5 Operational Considerations in Space Environment

The operation of mechanical systems in space environment_

where they will be subjected to conditions of hard vacuum, radi-

ation, and zero gravity, requires the implementation of new

design concepts which are not necessary when designing for the

familiar earth environment. Also, in many cases, operation

of a system may be necessary in a remote or hazardous location

where it cannot be conveniently reached by operating personnel°

Check-out, start-up, shut-down, purging, and similar opera-

tions may be required to be remote controlled.
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4.5.1 Zero Gravity__

The absence of gravity will influence, primarily, the lubri-

cation system of the H2-O 2 engine. Other portions of the power

system will be relatively unaffected by the absence of gravita-

tional forces. As far as lubrication is concerned, the basic

problem created by the absence of gravity, is how to handle

the liquid lubricant within the lubricating system of the engine°

Two approaches to solving this problem are: (1) Employ an

open cycle lubrication system to supply lubricant to each area

of the engine system in the exact amount required for that

particular area. The expended lubricant is then collected and

expelled overboard from the vehicle; (2) Employ a means of

collecting the lubricant from the various areas of the engine

and return them to an oil sump for recirculation through the

lubrication system° Both of these lubrication concepts have

advantages and disadvantages. The open cycle system involves

less mechanical complexity_ but results in a higher consumption

rate of lubricant than the recirculating system. In order to

minimize the lubricant consumption rate, it would be desirable

to supply the minimum amount of lubricant to each area of the

engine but this _uuLu-' be '_.,_. ,_,..... _,u_l_'_ _..;"";v......... _._ _--_.._p _¢_ihil _ty

of a malfunction in the lubrication system. The recirculating

lubrication system would allow excess quantities of oil to be

supplied to all ........ ' ";--" ,h,_ h,,l_, o_ _he oil would

be collected and returned to the system for recirculationo The

only lubricant consumed would be that which is lost to the

.... +_,_ _h.n,,crh ]_h'_g_ p2_t seals or out the exhaust ports of

the engine. This system involves more mechanical complexi-

ty than the open cycle system, and would require a means of

collecting oil from the various portions of the engine and re-

turning it to the oil sumpo It may also require an oii cooler
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to maintain reasonable lubricant temperatures. The collection

and separation task could probably be accomplished by use of

a centrifuge within the engine crankcase. Weight tradeoff

studies have indicated that for missions of less than two _zeeks

duration, the open cycle lubrication system would be preferable

because of its lower degree of complexity, but only if low oil

consumption rates in the order of .01 pounds per hp hour could

be achieved. At higher consumption rates or for longer dura-

tion missions (beyond two weeks)_ the additional complexity of

the recirculating oil system would probably be worthwhile in

order to reduce the oil consumption rate and hence achieve a

lower overall system weight°

Section 2 of this report describes in more detail the lubrication

system design concepts for the power system being developed

under this contract.

4.5.2 High Vacuum Environment

Operation of the H2-O 2 power system in a high vacuum environ

ment does not appear to involve any unique problems except

when the power system is shut down or is on standby. While

the system is in operation, all moving parts requiring lubrica-

tion or in rubbing contact with other parts would be shielded

from the high vacuum environment by enclosing them within

the engine crankcase or within the enclosure formed by other

parts of the system° Thus, outgassing and cold _,elding

problems which can be experienced in the presence of high

vacuum, would be avoided. If the H2-O 2 system is applied to

a mission where its operation is required only intermittently

to meet power demands, or where it is on standby for use as

an emergency power system, some precaution must be taken
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to prevent the moving parts of the engine from being exposed

to the hard vacuum of space through the engine exhaust system o

While the engine is stationary, the blowby and residual exhaust

products which would normally occupy the engine crankcase along

with the lubricating oil vapor would leak out past the piston and

piston ring clearances to the engine exhaust ports and then,

through the regenerator exhaust system and out into space.

If the engine is stationary for a sufficient time for the crankcase

pressure to leak down to hard vacuum levels, evaporation of

the residual lubricant left in the rotating parts and outgassing of

the materials within the engine crankcase and within the cylinder

could occur. Under extreme conditions this could possibly re-

sult in cold welding of the piston and piston rings to the cylinder

wall and cold welding of the bearings, cams_ gears, and other

moving parts.

There are two possible methods of preventing outgassing and

cold welding during periods when the engine is inoperative. One

is to operate the engine at sufficiently frequent intervals to in-

sure that at least a minimum amount of oH film remains on the

critical parts within the cylinder and crankcase at all times° A

considerable amount of research and experimentai testing would

be necessary to determine what the minimum frequency of opera-

tion must be to prevent cold welding problems. The other solu-

tion to thisp:oblem is to provide a valve in the engine exhaust

system which would be closed immediately after the engine is

stopped. This valve would eftectively isolate the engine crank-

case and cylinder from the vacuum of space and would prevent

the breakdown of crankcase pressure and_ hence avoid the out-

gassing and coidwelding problem enti_elyo However_ the de-

sign of such a valve might be a formidable task° The valve

would have to be capable of sealing tightly against the hard
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vacuum of space without becoming cold welded itself because

of the hard vacuum environment. High reliability would be a

prime requisite for such a valve°

The problem of protecting the engine and other system components

from the outgassing and cold welding problems associated with

hard vacuum environment is an area which will require a con-

siderable amount of additional detailed study and consideration;

particularly, after specific mission requirements are better

e stablished.

4.5.3 Startup and Shutdown Procedures

On some missions it is conceivable that the power system would

be started on the ground prior to launch and would operate

continuously throughout the entire mission° In such a mission

the problems of inflight startup, shutdown v and checkout would

not exist. Any conceivable realistic mission requirement how-

ever, would no doubt involve the capability of inflight shutdown

and startup if for no other reason than to provide for a redundant

SPU (for reliability purposes) to be started up in case of failure

of an operating SPU. The necessity of shutting down a deficient

operating unit should also be anticipated°

Normally, the startup procedure for the flight design system

being developed in this program would involve the following steps:

1. Open the hydrogen tank shutoff valve

2. Crank the engine, using the alternator as a starter motor

in the starting mode described in Section 2.2.5 of this report°
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3. Open the oxygen propellant tank valve

. As oxygen reaches the engine cylinder in the presence of

hydrogen and a catalyst_ combustion will occur with the

engine accelerating to overrun the starter motor_ thus

converting it back to generator operation° From this point_

operation of the system would be self-sustaining.

If after starting the SPU, boiloff gas is available from the main

propulsion tankage_ the propellant supply system could be

switched over to boiloff operation by switching the proper pro-

pellant selector valves and engaging the compressor drive

clutch. Starting the system_ however_ would always require

using the .aboard propellant storage at supercritical pressures.

In the starting procedure it may be necessary and desirable to

preheat the cold cryogenic hydrogen during the engine cranking

mode before it reaches the engine inlet valve° Since there will

be no hot engine exhaust gas reaching the regenerator for this

purpose, it would be relatively simple to include an electric

resistance heater which would take its power from the vehicle

battery, to preheat the incoming hydrogen in the hydrogen line.

The battery, of course, is also required to provide the energy

for cranking the engine for starting.

Shutdown of a normally operated unit would be accomplished by

merely closing the oxygen tank shutoff valve and purging the

oxygen line with an inert gas such as nitrogen° Combustion is

the engine wiii cease as soon as +,.._,...,_v,,_,_n._..._b_-- _i_.... ,,_d ups. at which

time the hydrogen tank shutoff valve would be closed. The

engine should then be purged with an inert gas such as nitrogen_

although hydrogen purging at this point should be safe in the

absence of oxygen in the system° It may be possible to
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4.5.4

eliminate the purging requirement, but this remains to be

demonstrated conclusively. After the engine is stopped, some

method of avoiding outgassing and cold welding of the moving

parts must be provided, as discussed in Section 4.5.2o

It is anticipated that the H2-O 2 power system would be applied

in a redundant manner in most probable applications, with t_7o,

or even three, units aboard the vehicle, depending upon what

the requirements for maintaining power output are. In case of

the failure of one unit, either one or more of the redundant

APUs may be stationary on standby. On the other hand, one

unit may be kept idling on the line while another supplies the

power requirements; or as a third possibility, two or more

units may operate continuously and share the normal load re-

quirements, each unit being capable of meeting the maximum

emergency requirements by itself. These considerations re-

quire that additic:_l attention be given to the problems of

startup, shutdown, electrical paralleling, acceleration time_

and other considerations which affect the power recovery

characteristics of the vehicle system.

Checkout

In case of application to vehicles where the H2-O 2 power system

may be on Standby for emergency purposes or be used intermit-

tently to supply peak load demands, it may be necessary_ and

would be advisable, to periodically check out the standby unit

or units. As discussed previously in Section 4.5.2_ periodic

checkout would provide a means of avoiding outgassing and

cold welding problems which could occur with sustained expo-

sure of the engine cylinder and crankcase to the hard vacuum of

space. Furthermore, periodic checkout of a standby power
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system may be accomplished by using the excess cryogenic

propellant such as propellant tank boiloff gases or gas which

would be vented from supercritical storage tankage to relieve

excess pressures. The normal checkout procedures would
simply involve starting up the engine as described in

Section 4.5.3_ operating it at a moderate load, or subjecting

it to a typical load profile involving some operation at low load_

some at moderate load_ and some period of time at peak load
conditions. The time involved for checkout should be between

15 and 30 minutes minimum in order to allow the system to

reach a stable operating temperature° System performance

during this checkout period could be monitored_ checking

power output, frequency control_ recovery from transient

loads, and monitoring the specific propellant consumption at
some particular condition. Provisions could be made for ac-

complishing all of these tasks automatically, but this would

require additional complex mechanism and monitoring equip-
ment aboard the vehicle which might not otherwise be

necessary. Under some circumstances it may be possible,
even preferable, to have a crew member conduct the APU

checkout procedure. In any event,, the detailed checkout pro-
cedure and schedute would have [o be ..... 1" "_'^_

ticular vehicle and mission after specific application
requirements are better established°
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5.0 CONTROL STUDIES

5.1

5.2

Scope of Study

The primary purpose of these studies was to define requirements

for the control system of a small, high performan_:e power

plant. The object was to formulate general system require-

ments which could be applied to many designs. As the con-

trol hardware is designed and tested, additional requirements

may be necessary to adequately insure the performance of the

system.

System Configuration Development

A aeries of system schematics are included to show the

e,-/oi._[ion of the system configuration.

Initially, the system incorporated the following concepts:

1. Closed loop control for hydrogen compressor

2. T__nkag_ feed through compressors to boost pressures

3. Oxygen pressure controlled at oxygen compressor inlet

4. Hydrogen flow control by a variable dwell poppet valve

5. Oxygen and hydrogen, fed (separately) through regen-

erator

6. O/F ratio control by sensing either cylinder head or

exha us t temperature

7. Speed control using either hydraulic flyball governor or

Tach generator

8. Load sensing considered as part of system

Precedingpageblank:
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After considerable study_ two possible methods of control

seemed worth considering.

The primary control approac:_ reqmred the following changes

in the system: (See Fig, 5-1)_

1o Oxygen was not passed through the regenerator

2o A variably phased hydrogen valve replaced the variable

duration valve. (This choice was made due to power

modulation considerations observed through cycle

analysis; see Sectmn 3o 5),,

3o The oxygen fiow control becomes a throtding valve

positioned as a function of temperature and pressure°

Mixture ratio control is to be ef[eeted by monitoring

exhaust gas temperatare,

4o The electrical tachometer appeared to be a superior

method of speed contro;i, becaase of the hl_h quiescent

power drain of hyara_hc [lyball gover_,orso

5o Plenam chambers are lnseI_ed between _he engine and

the compressor, This dynam,ca.lly disassociates the

compressors and. th_ eng::ne,

6,, Closed loop control for a constan_ compl'essor o,_pat

and compressor exhaust, valves are also added to the

schematic°

An alternate approach consisted of the same system_ bat

with oxygen pressure controlled at the compressor inlet;

however, high response is reqa_red for adequate system

control,, Farther cycle analysis indicated that a constant
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volume combustion (Otto) cycle was the best choice for

performance considerations_ and the following conditions

should be imposed:

in Oxygen pressure to the engine shou'_d be controlled by

using a throttle valve very close to the engine inlet°

n Hydrogen should also be supplied at constant pressure

to the intake valves because of the performance ad-

vantages of constant volume operation° The schematic

for such a system is shown in Fig° 5-2°

As a result of continued cycle analysis_ and analysis of the

compressor controls and tankage systems_ additional, changes

were made as shown in Fig° 5-3 and discussed below'.

Io Studies of tankage storage pressures_ and consideration

of the greater complexity reqmred for compression of

high density hydrogen and oxygen_ indicatect that storage

at directly useable pressures was advantageot_so This

allowed the system to be designed for compression of

boil-off gases only0 and allowed the addition of the

tankage to the system:, downstream of the reservoir°

o The method of compressor control was changed from a

closed loop type m an open loop_ bypassing-, type system°

This allowed simplification of the system_ and better

operating characteristics were obtained°

0 The system of Fig° 5-,3 utilized a hybrid system for

engine power modulation by allowing the variable

duration hydrogen valves to act as a throttle at low
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levels, and as a variable duration valve to modulate

power, at the higher power settings.

. The control system required for operation on this system

consisted of a tachometer, a demodulator, and a com-

pensator giving adc error signal. A control actuator

to regulate all power modulating elements was provided.

Integration was performed by this actuator.

. Mode switching was provided to activate, deactivate, open,

or close various components of the system. This is

described in Section 5.7.6.

In the final study stages, several more changes to the system

were considered. (See Fig. 5-4).

. After considering variable lift valves for both oxygen

and hydrogen inlet controls from a design standpoint,

the variable admission valve proved most advantageous

fu_" hydrogen, and the throttle provod most advanta_eous

for oxygen.

. Fig. 5-4 -^_'""_- ,.hon_.._in Lho _tartin_ and dc Dower

source. These are:

a. E, attery ou_ut converted to AC

b. Alternator used as starting motor

c. DC control voltage obtained by converting alternator

output.

5.3 Engine Equations

During the course of system study, several sets of equations
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were used. The engine equations used are derived from

equations in Section 3 and are not rewritten in this section.

5.4 Engine Representation

Initially, an effort was made to determine the detail to which

the engine dynamics would have to be considered in the control

analysis. The common practice in engine cycle analysis is to

integrate the cyclic power output of the engine to find the

mean effective pressure generated in the cylinder, and ex-

pressing it in terms such as IMEP and FMEP. This proced-

ure represents the cyclic process as a continuous one, and

for dynamic analysis, any such process must be justified. A

typical theoretical engine cycle is shown in Fig. 5-5.

P

P6

Wor'x Out

per Cycle

V

Fig. 5-5 - Typical Theoretical Engine Cycle

The energy from each

cycle is stored in Kenetic

form by the moving inertia

of the flywheel and crank-

shaft. For our analysis,

energy is removed from the

system at a constant rate.

Thus, in order to maintain

constant speed, the energy

in and out of the system must

balance for each cycle.

Energy is added as shown

below in Fig. 5-6, so that

the net in to the system

during the expansion half

of the cycle (consisting of
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Fig. 5-6 - Engine Cycle Energy

expansion work minus energy out of the system in doing use-

ful work) will equal net out of the system during the compression

half of the cycle (recompression work and energy out of sys-

tem in doing useftfi work during this half of cycle). Under

this condition, the net energy and speed of the rotating mass

remain constant. If this cycle is represented by a Fourier

series, the hmdamental frequency (i. e., 4000 cpm) would

have the largest amplitude and this frequency, being the

lowest, would have the greatest effect as a resonant frequency

on the speed variation of the rotating mass. Calculations

indicated that the miniumum amount of inertia which could be

tolerated by the rotating system, and still restrict the ampli-

tude of this resonant frequency to a small part of the steady

state error, would be . 092 in-lb-sec. The requirement that

this resonant frequency be limited to a small amplitude also

indicates that a continuous representation of the engine cycle

would be an accurate representation for lower frequencies.
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5.5 Linear Control Svstem Studies

5.5.1 Introduction

The linear control system analysis was performed early in

the program before the exact values of important system

parameters were known. As a result, some calculations

seem rather abs_act, but help to give a better understanding

of the system.

5.5.2 Discussion of Studies Conducted

Initial calculations were conducted, using Root Locus and other

linear analysis techniques In order to establish an analytical

picture of the system and to form a check on subsequent work

done on the analog computer. Fig. 5-7 is a Root Locus plot 1

I I ! ,,_ v
400 300 200 100

/

k_-- 143

(
_- i (2) poles

Fig. 5-7 - Root Locus Plot for

Linear System Study

of a typical linear system

under study. Agreement of

stability gain was determined

to be within the accuracy of

the methods of solution used.

Determination of the transient

response of the system by

hand, even with some

approximations made to

simplify the work, proved

1For interpretation of

Root Locus plots, see

Control Engineer s

Handbook by Truxal.
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so tedious that computer solutions were used for all calcula-

tions involving a variation of parameters. The transient

response of speed to a. 87 kw step input was examined in a

series of tests where the compensation lead/lag ratio was

varied along with speed gain loop.

A comparison of Figs. 5-8 through 5-10 indicates that as the

lag time constant increases for a constant lead/lag ratio, the

damping increases and the transient error increases, re-

quiring a higher gain to maintain transient tolerances. In

general, as the gain is increased, the transient error de-

creases but the system becomes more oscillatory.

For a constant lead term and equal gain, the system response

is best understood by looking at the values of the actual lead

term. If the lead/lag ratio is small, a large lag helps to

generate a large lead term giving better system response.

Several modes of oscillation appear over the range of para-

meters that are investigated.

One reason for including the analog traces is to indicate the

ability to control system response, by gain and compensation

selection, if this capability is required to meet specification

performance.

In the case of the H2-O 2 engine, two error envelopes are in-

dicated on Fig. 5-11 and at the top of each column of response

traces. Each represents a 100 rpm transient band but a

different distribut2on of system loop gain. In the case of de-

creased inertia, Ka, (these constants are defined in Fig. 5-11),

is large while K 1 is proportionally smaller, so that K 1 remains

constant. For increased inertia, K a becomes smaller, while

K 1 is proportionally larger. A change of this kind does not alter
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Envelope For Increased Engine Inertia

Envelope For Decreased Engine Inertia-----%

\I

20rpm I

100 rpm

1.00 rpm

20 rpm "Time

Steady S tare Tolerance
|

Transient

Tolerance

Response To . 87 kw

Step Iaput (TYP)

Fig. 5-11 - Forward Loop Gain Change at Constant Closed Loop Gain

*I,.^ .k .... • +ha nn¢_ g_111_Z_ h11t it _n_S chan_e the scale

or peak value directly proportionally to Ka, the forward loop

gain.

Tests indicate that for decreased engine inertia, caution must

be exercised in the selection of gain and compensation, if

specification requirements are to be met. By increasing the

rotating inertia value on the H2-O 2 engine, undesirable

resonant frequencies are avoided and nearly all test response

shown will meet the specification. The control problem would

be reduced by adding inertia in the form of a flywheel.

As indicated by the results of tests on the proposed system,

the response is quite adequate, so that other system configurations
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5.6

5o6ol

under consideration were not included in this series of tests.

These other system configurations involve:

ao Complex compensation

b. Load anticipation

The proposed system is what is commonly referred to as a

Type "1" system° A Type "O" system might also be pro-

posed_ but due to the rather stringent_ steady-state-error

requirements_ it appears that the added complexity of the

proposed Type"l"system is necessary.

The analog computer block diagram used for' the linear

analysis is shown in Fig. 5.-12 and the analog circuit diagram

is illustrated in Fig° 5-.13.

System Requirements

Speed Control Requirements

Speed control requirements were, in general, written fo_ a

system inertia of o 1159,, :orresponding to a system with a

6000 rpm generator° Many computer runs were also made

with a system inertia of o 3279,, corresponding to a system

with a 4000 rpm generator° The data could also apply to

any system in which the rotating parts had an equivalent

moment of inertia to that above_ regardless of generator speed.

The system is designed to maintain the specified accuracies

with a o 87 kw input change in load. Tests were conducted on
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5.6.2

a system which could maintain the specified accuracies with

a load change of approximately 2.5 kw. Tests indicated that

actuator rate and system gains are considerably higher for

this type system. In some cases the results are inconsistent

due to the hysteresis and breakout friction of the system, but

the analog data is sufficient to show important trends which

should guide the system design.

Actuator De sign

The actuator requirements were written specifically for an

actuator utilizing magnetic particle clutches. The block dia-

gram for this actuator is shown in Fig. 5-14, and the circuit

diagram in Fig. 5-15.

Actuator Maximum Rate

The actuator maximum rates are shown in Fig. 5-16 and

5-17 for the systems under consideration.

The rates required are interpreted as _v._,_.

Units = Actuator output displacement

Units/sec - Actuator output rate

44.5 unit = Stroke required for maximum power setting under

most adverse conditions.

The stroke of the actuator is not defined, so the length of a

unit is not defined at this time. In future comments, where

stroke is referred to in percent of maximum stroke, 100%

stroke = 44.5 units. The actuator stroke will probably be

longer than 44.5 units (or 100%), to make up for changes, such

as: propellant temperature, propellant pressure, or system

friction.
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The type of actuators being considered will have a rate

saturation limit. If input exceeds a certain value ((a) in
Fig. 5-18), the output rate will remain constant at its

maximum value. For the magnetic particle clutch, the

maximum speed is equal to the driving speed of the rotor,
(normally about 2000 rpm).

In order to meet system speed accuracy requirements,

certain restrictions must be placed upon the rate satura-
tion limit. The minimum average 1 rates which are

L

I'
m

1Average rate requires special interpretation here. The

maximum rate of the actuator should be considered an

average over the displacement required to correct for

the system design input of .87 kw load change. Some

deviation in rates over smaller displacements can be

tolerated.

Gain Variation &

Non-Linearlty '_-_

Actuator Input

Maximum Rate or Saturation Limit on Actuator Rate Output

Fig. 5-18 - Actuator Saturation Limits on Rate Output
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acceptable were obtained from data plotted on Fig. 5-16 and

Fig. 5-17. Test results indicate that a minimum saturation

limit of 100 units per second is acceptable for a 6000 rpm

(inertia = . 1159 in-lb-sec 2) system, and a minimum saturation

limit of 40 units per second would be acceptable for a 4000

rpm system (inertia = . 3279 in-lb-sec2). Higher saturation

rates are also acceptable.

The eifects of gain changes on system error for various sys-

tem maximum rates, obtained from analog analysis series 1

through 8, are shown in Figs. 5-16 and 5-17. Actual data may

be found in Appendix E . System error vs. system gain

(tachometer and compensator), is shown in Fig. 5-19.

2O0

,6o\

Series 4 eries 20

I

_ 120

ries 8

o

Series 8, Coast. Max. Rate

4000 rpm Inertia

Series 4, Coast. Max. Rat_

6000 rpm Inertia

Series 20, Coast. Max. Raq

6000 rpm Iaerti_

Poor Compeasat

Series 24, Coast. Max. i-¢a

6000 rpm Inerti_

Improved C o rope

II

4O

(Case 6)

_flS_t tJ.Ofl

0
.i

Fig,

.2 .4 .6 .8 1.0 2.0 4.0 6.0 8.0 10.0

Gain, Units/Sec/rpm

5-19 - System Transient Speed Error vs. Gain of Load
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From these data the following conclusions may be made:

lo The gains needed for the 6000 rpm system are about

three (3) times lower than the gains needed for the

4000 rpm system to obtain similar results.

2. Inertia of active mass.

3. Maximum torque output of clutch or motor.

4. Amplifier gain.

The various effects are studied in terms of actuator output,

without variation in rate. For example, mass is considered

in terms of equivalent mass force at the output.

The difference between the breakout and maximum available

torque (or force), represents the torque available to accelerate

the mass of the actuator; that is, it defines actuator response.

Some effects shown on analog trace series 19 through 22

(AppendixE), are not necessarily part of the actual system

response, but are due to computer limitations, since the loop

is basically stable.

The amount of applied force required to accelerate the active

mass is determined by examining analog runs with large

breakout force values. The difference between peak force

and breakout force may be measured. Examination of the

data indicates that an excess of about 10 lbs. for a breakout

force level of 60 lbs. is satisfactory. It is believed that actual

breakout force will be less than 60 lbs., so the results are

conser vative.
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The study was conducted for an equivalent mass of enertia

• 0565 in-lb-sec2 in order to adjust the excess forces. For

other inertia values simply multiply the new inertia by the
10

constant, .-U55_ to get the new excess force•

As shown in Fig. 5-20 and below, several analog runs were

made to show amplifier gain limitations, using various

breakout friction levels as the actuator load.

Minimum Gain

(K 3 _ F M)

Serie s Breakout _I

200

16 +60 lb. 20

15 ±40 lb. 10

14 ±20 lb. 7.5

13 ±10 lb. 4.0

12 ±50 lb. 17.5

a

<3

0

160

120

8O

±20 _40_ _i60

rea:co ut Load Lbs.

4O

0
1

Fig.

4 6 8 10 20 40

Motor & Amplifier Gain, Lb/Units/Sec/rpm

5-20 - Amplifier Gain Limitations

6O 80 I00
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Assuming that the actuator deadband due to breakout friction,

must be kept to values of 11 rpm or less, the relationship of

variation of gain with breakout is also explained by this

analysis.

Actuator Loop Gain

This quantity varies from 1000 to 2201 for the values of break-

out examined. Although 1000 may appear very high, it should

be pointed out that this high gain is used to build up a breakout

force. The effective loop gain is much less than the actual

loop gain without breakout forces. Similarly, if breakout

forces are very low, the gain should be reduced.

The coulomb friction representation of the actuator is considered

an extreme case of any forces of equal magnitude applied in

other manners. Breakout force is related to actuator deadband,

amplifier, and clutch-or motor gain as shown in Fig. 5-21.

IActuator loop gain is a dimensionless quantity.

200

150 • • I •

\

loo

50 .

0
0 10 20 30 40

Dead Band (_ rpm)

For 6000 rpm Gain

= 3 Units/Sec/rpm

I
5O 6O

Fig. 5-21 - Breakout Force Relation to Amplifier

and Clutch or Motor Galn

169



Valve Positioning Accuracy Requirements

Tests have been run to establish the amount of hysteresis

allowable in the mechanism between the actuator and the en-

gine power setting control valve. Test series 1 through 16

were run with values of ±2 units of hysteresis in the mechanism.

Since 44.5 units is equal to the 100% stroke, the percentage

of accuracy, as previously defined, is therefore:

2
-z/T75--- x 200 = ± 4.5%

Although it is desirable to keep this accuracy high, the ± 4.5%

is acceptable and is the maximum allowable hysteresis. For

a given value of gain, the limit cycle amplitude goes up with a

rise in hysteresis, and frequency decreases. These qualities

are dependent on loop gain, and especially on gain between

engine output and actuator position. (See Fig. 5-22.)

L)

E

tD

E

_0

13

12

<3

8

Series 17

6000 rpm Inertia

Gain = 1.0

7requency

0 I I I
0 2 4 6

Hysteresis, Units

Actuator Displacement

_>

8 10

2.0

1.6

--1.2

-- o8

°4

o

Q;

-_g

Fig. 5-22 - Speed Loop Limit Cycle Characteristics
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Fig.

2O0

160

120

The effect of basic hysteresis on system response is also shown

in Series 17B, illustrated in Fig. 5-23. Actual analog runs are

Series 17B

6000rpm Generator

Scatter Due to Initial

Conditions Within Limit

Cycle At Time o[ Input

I I I I
2 4 6 8 I0

Hysteresis, Units

8O

0

included in Appendix E . The

system error obviously increases

as hysteresis goes up. As stated

before, values of hysteresis less

than 4.5% are highly recommended.

It should be pointed out that re-

sponse of the system will depend

upon the initial dynamic condition

of the system within the limit cy-

cle at the time the system is ex-

cited by the step input. A

scattering of data results•

5-23 - Transient Error vs. Linkage

Hysteresis for 0.87 kw Step Input

Compensation Requirements

A series of tests (Series 18, Appendix E ), were conducted to

establish the effect of reducing the lead/lag ratio. All previous

•65 + 1. Compensation in series 18 wasdata were run at .U18 + 1

varied by increasing the lag term of the transfer function. Data

from this study are shown in Fig. 5-24. The purpose of reducing

the lead/lag ratio is to provide a more easily mechanized term.

In addition, component size and noise levels will be reduced•

The results of test series 18 indicates that as the lags are in-

creased, reducing the lead/lag ratio, the system becomes more

oscillatory• The transient error, however, is not degraded a

great amount.

Test series 19 and 20 (Appendix E ), were conducted to investi-

gate the transient response for various gains with a 10/1 lead/lag

ratio. Some data is included in Appendix E •
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4O
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clllatory

I I I I
i0 20 30 40 50

Tlead/Tlag, Tlead = .85

5-24 - Speed Loop Response Variation

in Compensation

may vary from . 167 to . 30 sec.

in performance.

In test series 21 (Appendix E ),

lag was set at. 0258 sec., hy-

steresis was + 2%, and loop gain

and actuation rates were at

standard values. The lead term

was then varied to give various

lead/lag ratios. The result of

these test series indicate that

for a I0/I ratio the response was

not only satisfactory, from the

standpoint of error and limit

cycle, but the return to steady

state was accomplished much

faster for 20 to 1, than 30 to 1,

lead/lag ratios. The range of

lead/lag ratios should be from

8 to 14, with a lag time constant

of .02 or smaller. The lead time

constant should be .208 sec. and

without appreciable degradation

5.6.3 Svstem Requirements - Temperature Control

The system requirements for mixture ratio control must be

written in a very flexible manner. This is prompted by several

requirements other than that normally caused by the designs not

being well established. The main concern is that the error in

ratio, which must be correct, is not known.

The proposed temperature controller, or mixture ratio trim

controller, is a class "O" control system in which the tempera-

ture error will be proportional to the feedback gain and to the
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amplitude of the uncontrolled input. The input to this system

consists of the mis-scheduling error in oxygen/hydrogen ratio

as a function of speed control actuator position and other system

variables. In order to facilitate design of the temperature con-

trol loop, a trial set of conditions were selected and stated.

The displacement of the thermostatic activator must be such

that it will be capable of maintaining the selected oxygen/hydrogen

ratio when the system is subjected to a maximum error in this

parameter. Constraints which should be considered are the

effects of the activator position commanding an oxygen rich

mixture ratio when the system is starting, and the amount of

over control required to keep temperature below the maximum

limit. Under temperature during transients is not expected to

be a problem since the only penalty indicated is a slight de-

gradation in BSPC. Therefore, a definite minimum stroke

position is indicated.

De sired Transient Re sponse

An example set of requirements fitting Fig. 5-25 are:

Error band, steady state

Error band, transient

MaximumAr, for system design

Minimum Ar, for system design

100°F.

200°F.

+. 5 (See Fig.

-°5

52s)
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Over Critical For Overtemperature

I Teip. InthisArea

Typical Transient, Increasing Ratio

Ar=

• ratio Time

error Desired Temperature

Allowable

Error Band

Under

Temp.

Typical Transient

Decreasing Ratio

Area l_ot C ritical

For Under Temperature

Fig. 5-25 - Mixture Ratio Control Desired Transient Response

Temperature Loop Control Requirements

Based on the set of trial requirements, the system was pro-

grammed on the analog computer and a series of runs was made

varying the gain of the thermostatic actuator. The system was

also examined for the effects of changes in transducer lag, and

for such non-linearities as hysteresis in the temperature

sensitive actuator.

Fig. 5-26 was plotted to show system transient and steady state

error characteristics. Data for the test series is included in

Appendix E . The system was stable for all gains examined.

Reasonable variations in sensor lags and hysteresis entered

into the system, but did not effect the system in a critical way.

An actuator gain of . 1 unit of mixture ratio per °F error is
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160

Note: (Not including static error of transducer)

Error based on 3 kw load input change

Type "O" system.
Run Series 22

120

• _ 80
_._

_ ff 40

0
• 02

Note: Transient error will be

proportionally less for

smaller inputs.

Steady S rate Error

Transient Error

I I I I I
.04 .06 .08 .10 .20 .40 .60 .80 1.0 2.0

Gain of Thermostatic Actuator

Fig. 5-26 - Temperature Loop Control Accuracy

4.0

recommended. If it can be determined with reasonable

certainty that the ratio error under normally scheduled

conditions would be less than the . 5 assumed for this study,

it is recommended that the gain of the actuator be propor-

tionally reduced. The static actuator accuracy may be

easily added to the accuracies shown in Fig. 5-26, to

obtain the total system accuracy.

The gain of this loop increases inversely with power setting.

If the loop is to operate at very low power settings, the gain

might increase rapidly, requiring gain scheduling.

The temperature control output did not overshoot for the gain

range considered, so the thermostatic actuator stroke may

be adjusted to correct the error in ratio scheduling. Coupling

between the two control loops did not pose a problem for the

cases studied.
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5o 6.4 System Valve Requirements

The final system requires the valves listed in Fig. 5-27.

Most of these components are associated with control of the

propellant supply to the engine, and as such, do not effect

the control system design except for the effects of the pro-

pellant supply as an input to the power system.

The valves required are the following:

. Hydrogen regulator for compressor supply. This valve is

required to maintain a constant pressure of 15 psi _- 1 psi

to the compressor. The transient response of the regula-

tor is not considered critical since abrupt changes in

boiloff supply pressure are not expected. The + 1 psi

accuracy is determined by performance and sizing con-

siderations of the compressor.

2. Oxygen regulator for compressor supply. The same

comments apply to this regulator as for the H 2 regulator°

. Oxygen reservoir regulating relief valve. This valve is

required to dump oxygen at pressures above 900 _:10 psi°

The accuracy of this pressure regulator valve effects the

power regulation of the engine valves.

0 Hydrogen reservoir regulating relief valve. The require-

ments for this valve are the same as those for the oxygen

valve with the differences which are noted.

, Electrically operated hydrogen tank shut-off valve. This

might be combined with valve 6 to require only one 2-way,

2-position valve.
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6. Hydrogen reservoir shut-off valve°

. Oxygen tank relief valve with electrical override. The

relief valve operates when downstream pressure is less

than 1500 psi. Tolerances are incorporated which in-

sure an adequate supply of oxygen to the engine under all

conditions of boiloffo This feature may not be included in

the final design, in which case_ supply configuration

would be the same as for hydroge._o

o Electrically operated oxygen reservoir shut-off valve°

This valve functions to shut-off oxygen tank leakage

through the compressor when in a tankage mode of

operation. The requirements for tankage supply pressure

regulation are for a constant pressure ± 20 psi°

5o 6.5 Control of Propellant Source

Careful consideration was given to the control of the compres-

SOro A closed loop control around the compressor was proposed°

Although this system is feasible, the follovAug problems 0ecome

obvious:

la If the compressor is sized for pumpit'_g the max.tmum fuel

rate required when the inlet p,'essure is 15 psia, in order

to regulate flow rates down to the minimum (about 50% of

maximum), the inlet pressure must be reduced to approxi-

mately 7o 5 psia° For constant exhaust pressure, the

pressure ratio would increase as the inlet pressure is

throttled. The higher outlet temperatures which would

result are undesirable.
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. If the inlet pressures are allowed to get too high, the

workload on the engine would increase accordingly.

This overload affects sizing of the engine. A relief

valve would be required to avoid this overpressure.

. Closing the loop around the compressor using very

simple and easily mechanized techniques does not give

desirable results, primarily due to the valve gain

variation up-stream of the compressor. This varia-

tion in gain is due to the wide range of inlet pressures

from boiloff, as well as the change in flow coefficient

of an unchoked flow orifice. Runs A, B, C, D, E, F,

and G in Fig. 5-28 are analog traces of the results of

this type of system in terms of throttled compressor

inlet pressure. If gain compensation is added to

correct for this poor response, the results could be

represented on the same traces, within the range of

runs C to D. Adding gain compensation would add

complexity to the system mechanization.

The approach proposed at present is based on the following

ground rule:

While operating on boiioff, a slight degradation in SPC

at less than maximum power settings can be tolerated.

..... v_. ...... is • =_,,,_t= compressor inlet and

exhaust pressures to constant values, retaining the feature

to avoid high inlet pressures at any time. Compressor flow,

work, and pressure ratio are now essentially constant. The

mismatch between compressor delivery and engine demand

flow rates is to be bypassed, either overboard, or to some

useful purpose. The work in compressing the bypassed flow

is lost.
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Fig. 5-28 - Closed Loop Compressor Control for Hydrogen Compressor
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The only controls necessary consist of the compressor inlet

pressure regulator, and the reservoir pressure regulating

relief valve, which bypasses the flow necessary to maintain

a constant pressure. Both of these units perform functions

similar to many regulators already designed. The response

of a typical regulator is shown in Fig. 5-29. Since the loop

Is not closed, problems associated with closing it are

ellmlnated.

Reservoir

Pressure

Valve Position

500

300

0
I

)RATION

Bypassed j ,,
Weight Flow t

PRINTED iN U. $. A. O

Fig. 5-29 - Typical Pressure Regulator Response,

Hydrogen Reservoir Pressure Regulator
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5.7 Hardware and ConcepUonal Design

5.7.1 IntroducUon

Approaches to mechanization of the control system considered,

with respect to actuation power, were; electrical, hydraulic,

or pneumatic. The speed sensor and compensating elements

of the system were considered to use the same type of power,

since conversien from electrical to hydraulic, for example,

require additional elements.

Electrical power is most readily available in either ac or dc,

even if the battery starter system is not used. Hydraulic

power would require the addiUon of a pump, and limitations

on size and complexity do not favor this approach° The

smallest: size oF readily available hydraulic governors were

estimated to dissipate o 35 hp. This would be a considerable

drain on a 5 hp system when operaUng at part loado Pneumatic

power ::::_!.:_ht be tapped from the engine or compressors_

Pneumatic power would be very attractive as the actuating

power if a relatively free, high pressure source could be made

available°

A comparison of system characteristics is shown in Table 5-1

for fluid power and electrical systems°

5.7.2 Tachometer -Generator

A comparison of ac and dc tachometers was made. Differen-

tiating the signal in adc tachometer would be a problem be-

cause of brush and ripple noise. The dc tachometer does have

some advantages, such as, high voltage gain, and freedom from
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wave form and phase shift. Ac tachometers, although re-

quiring demodulation, are rugged, provide a high quality

output, and operate with stability over long periods of time.

The possibility of obtaining an acceleration output directly

from the ac tachometer should be investigated.

5.7.3 Compensation and Amplification

The requirement for compensation is absolutely necessary

and offers no obvious problems. The amplifier requirement

is dependent upo_-_ the final choice of elements used to actu_" -_

the engine valve to the proper admission angle. No extension

in the present state-of-the-art of electronic design and packag-

ing is required.

5.7.4 Actuator

The actuator regulates throttling valves and cam mechanisms,

which vary such parameters as oxygen inlet pressure, or hy-

drogen valve admission time. The load of these valves and

mechanisms is a major unknown in the system design. These

loads consist of friction, mass inertia, and force gradients

which cannot be balanced out. Various electrical components

become more applicable than others, depending on the load.

A comparison of actuation means are shown in Table 5-2.

System analysis has indicated the advantage of using the

actuator as the component which provides a rate output pro-

portional to the speed error. Although this adds another r, -

rating device to the electrical system, it seems the best

method to insure stable actuator loop operation without the
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addition of other components such as networks required for

integration, feedback pots or synchros, and stabilizing net-

works within the actuator loop.

The actuator outputwill schedule relative positions of valves,

by the use of cams, to generate an O/F ratio as near as possi-

ble to 2:1. The phasing into the variable admission mode of

operation will also be accomplished mechanica!!y. This will

provide a smooth and easily modified method for introducing

various schedules.

5.7.5 Exhaust Temperature Control

A mechanical thermostatic actuator is suggested for intro-

ducing a temperature control input to the system. Such a

device is described in Section 2 of this report, and is

sketched in Fig. 5-30.

___Spring Load

Exha t

_//_ _> Actuating Medium

(Sulfur for Example)

Linkage To

Eccentric Shaft

On Which Cam is

Mounted

Fig. 5-30 - Mechanical Thermostatic Actuator

for Exhaust Temperature Control

The actuating medium which

fills the bellows is chosen to

give the desired vapor pres-

sure change in the tempera-

ture range desired. Many

salts have desirable physical

properties for this applica-

tion. Ordinary sulphur

appears to be a possibility

which might work.
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5.7.6 Overall System Control

It is recommended that the areas containing electrical com-

ponents be provided with adequate temperature control. This

will protect against damage due to high temperature, and in-

sure that temperature dependent errors in the system will be

reduced to a minimum.

It will be necessary for the system to operate remotely_

following the commands of operators in space° In order to

simplify and coordinate the commands to the system, mode

switching must be provided to activate, deactivate, open, or

close various components to allow for operation under the

following mode s_

a. Warm up

b. Start

c. Operate boiloff

d. Operate tankage

e. Shutdown

f. Fail - safe

The switching logic will be accomplished by using solid state

switches and diodes. The pilot will command through a de-

vice compatible with vePdcle requirements, such as a

potentiometer or switches.

r- o n, ......_" of Ro_,Its _nd Problem Areas

In general, the results of study show a system design which

is feasible and relatively easy to mechanize. Accuracies

demanded of individual components are not excessively
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stringent and system performance is not overly sensitive

to gain variations. The linear studies show ample stability

and transient accuracy. The system requirement studies

indicate that adequate response and stability could be ob-

tained by components which are reasonable to build. Control

over variables such as system inertia gives a degree of

flexibility to the system performance. Several problem areas

might be cited such as the tachometer-generator reference

accuracy, and temperature sensor gain change at low speed

operation. The overall complexity problem is evident in the

number of functions which must be taken care of by control

loops and accessories. This complexity is also reflected in

the reliability of the proposed system.

The design goal will be to simplify t_',.e system in a way which

will keep reliability at a high level, with a minimum sacrifice

of performance and efficiency.

Areas where the greatest development effort will be required

are:

1. Small valves

2. Thermostatic actuator

o Valve phasing mechanism, in order to establish actuator

load

4. Tachometer-generator reference accuracy

5. Overall system performance.
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It is recognized that the results of this report are mainly of

a system requirement nature, and before system design be-

gins, another evaluation of all the aspects of mechanization

will be made. In the area of requirements, an effort to

continuously update the existing requirements is necessary°

189



6.0 RELIABILITY STUDIES

6.1 Estimation of Component Failure Rates

General

An estimation of individual component failure rates is

considered to be basic to the required reliability studies

of the H2-O 2 engine power systemo A reliability estimate

for each component is necessary to calculate the system

reliability, to determine the redundancy requirements, and •

to establish areas where iailure mode analysis is most nec-

essaryo If accurate estimates are not obtained for each

component, littleconfidence will be achieved for the estimate

of complete system reliability. If the estimate of system

reliability is unduly low, recommendations for redundancy in

certain areas may be an unnecessary addition of expense or

weight. An overly optimistic reliability estimate is even more

critical , for redundancy recommendations may then be insuf-

ficient to attain the needed high probability of successful

accomplishment of the missiono

For this reason, a compilation of the best reliability eslimates

available has been made° Mostof the well-known reliability

manuals and failure rate documents were used (see list of

references) to obtain reliability estimates of some of the more

standard system components. For other components, for which

......... v. ,,,_v,, _,_11 _UUli.-.ll_u, it was necessary

to obtain specialized information from companies thro ugho ut

the country. For components not resembling an existing item,

reliability estimates were often made by a comparison with

similar components of equal complexity levels° These esti.-

mates were always conservative. A more detailed explanation
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of these component reliability estimates is presented below

and a tabular list of all failure rates obtained is given in

Table 6-1.

H2-O 2 Engine

The engine reliability estimate cannot be based on actual

H2-O 2 engine experience since the engine extends the state-of-

the-art of small reciprocating 2-cycle engines. In particular,

the use of hydrogen and oxygen as fuels make the use of failure

rate data from ordinary gasoline engines somewhat inapplicable.

For example, common failure modes in gasoline engines, such

as head deposits and spark plug fouling, are non-existent in

the H2-O 2 engine because of the clean burning qualities of

hydrogen and oxygen. Since extensive failure rate data from

H2-O 2 engines is not yet available, the estimate is based on

gasoline engine data and is considered to be pessimistic for

a well-developed H2-O2 engine.

To obtain the best failure rate data available for low horsepower

reciprocating engines, an extensive survey of engine manu-

facturers was conducted. A list of the companies contacted

is presented in Table 6-2. Although a high percentage of

the companies contacted submitted some useful engineering

information, no applicable small engine failure rate data

were received.

The failure rate estimate for the H2-O2 engine is based on

life experience of reciprocating aircraft engines contained in

USAF Technical Order T.Oo 00-25-128, Procedures for Deter-

mining Aircraft Engine Failure Rates, dated 20 October 1959_

Rev. 30 April 1960. These engines, for which reliability data
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Component

Generator

(Main Alternator)

Voltage Regulator

Battery

Clutch

Regenerator

Shut-off Valve

Relief Valve

Pressure Regulator

Compressor

A, C, Tachometer

D. C, Reference

Summin_ Amplifier

Demodulator

D.C. Tachometer

R.C. Circuitry

Driving Amplifier

Servo Motor

(Exciter & Battery)

Voltage Regulator

COMPONENT FAILURE RATES

64

52

2.5

15.7

20.0

2',3.0

5.3

5.4

22.8

15.0

50

5.7

70

32.4

25.2

10

370

1.4

15

6.5

5.7

2.14

TABLE 6-1

360

25

! __

56

200

/
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ORGANIZATIONS CONTACTED FOR

ENGINE DATA

C 0 mpa ny

Dept. of Air Force

Dept. of Navy

Briggs & S tratton Corp.

Wisconsin Motor Corp.

Clinton Engines Corp.

McC ulloch Corp.

Radioplane Divo, Northrop Corp.

Continental Motors Corp.

Lycoming Divo, AVCO Corp.

UoS° Army Corps of Engineers

UoSo Army Mobility Support

C enter

Location

Washington_ Do Co

Washington, D. Co

Milwaukee, Wisco

Milwa ukee_ Wisco

Maquoketa_ Iowa

Los Angeles, Calif.

Van Nuys_ Calif.

Muskeg.n, Mich.

Stratford, Conn.

Ft. Belvoir_ Virginia

Columbus, Ohio

TABLE 6-2
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is available, vary considerably in design, application, and

power capabilities. For example, both opposed and radial

configurations of 6 to 18 cylinders and from 200 to several

thousand horsepower engines are considered. Although none

of these engines were similar to the H2-O2 engine, by choosing

a wide variety of engine configurations and thereby obtaining a

vast range of reciprocating engine data, we may assume, with

some confidence, that the H2-O2 engine failure rate will fall
somewhere in this range. Engine failure rate was estimated to

be 500 failures per million hours of operation. As indicated

by Table 6-3, this value falls on the high side of all engine
data considered. Technical Order 00-25-188 shows that

failure rates of all aircraft reciprocating engines follow the
standard "bathtub" distribution curve. The first 80 hours or

less consists of a period of relatively high failure rate, appar-

ently caused by "infant mortality" type failures. During the

following several hundred hours, the failure rate becomes

relatively constant. This is the so-called "useful life" of the

component during which failures appear to be occurring at a

random rate. Increased failure rate caused by wear never

appears to become a problem with these reciprocating engines

until 800 or more hours. This is important to note, since the

duration requirement of this mission is approximately 350

hours. The failure rates estimated for the engines considered

were taken from the useful life periods immediately following

their "infant mortaility" period. This was done because it is

assumed that the H2-O 2 engine will be run-in sufficiently before

use to eliminate a high early failure rate.

Electrical Components

Voltage Regulators: Generally speaking, estimating the

reliability of devices composed of electronic elements, such
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Engine Part No.

R-2800-103

R-2800-52

R-1830-90

R-2800-97

R-2600-29

O-420-13

R-985-AN- 1, 3

R-2800-99

R- 985-AN - 14

R-3350-57, 83

R-3350-91

O- 335- 3, 5

GO-480D- 1

R-2800-99

R-3350-89A

R-2800-75

R-2000-4

R-2800-79

R-3350-91

O-470-7

R-3350-89

R-3350-57, 83

R-1820-76

ENGINE FAILURE RATES

Failure Rate/20 Hours

• 0OO5

• 0008

• 0009

• 0015

• 0016

• 0020

• O020

• 0020

• 0021

• 0022

• 0026

• 0029

• 0030

.0030

• 0047

• 0048

• 0067

• 0070

• 0091

• 0101

• 0136

.0151

• 0165

F/R x 10 -6 Hours

25

40

45

75

80

100

100

100

105

110

130

145

150

150

235

240

335

350

455

5O5

68O

755

825

TABLE
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as voltage regulators, has become a highly developed process

and can be accomplished with considerable accuracy° Numerous

documents have been published by the industry showing means

for determining the failure rate of these devices for various

environmental and operating conditions° The RCA document

TRll00 (Ref. 5 ) is probably the best known of these, and

was used as a reference° In computing the failure rate of

a voltage regulator_ we need only compute the individual

failure rates of the transistors, diodes, capacitors, and

transformers° By adding thes% the expected value of re-

liability for the voltage regulator can be established° The

failure rate for the voltage regulator used in conjunction

with the main alternator is 52 failures per million hours of

operation (52/106)o The regulator used with the battery and

exciter has an estimated rate of 50/106 hours°

Generator: The estimation of reliability of small rotary

electrical devices, such as generators, has become some-

what of a standard procedureo Studies by the RCA Victor

Company of Montreal, Quebec_ (Refo 5) and the ARII_'_C

........... ,_._v.,,.t_.,.,,.,.,x ,v,:,.o,..,,..L.,._w,., ._o_o _J.. _) have

contributed important data for use in such estimates° Some

of the important factors in determining the failure rates of

lo

2.

3.

4o

5°

Stator diameter and number of windings

.Average speed of operation

2{umber of brushes or slip rings

Motor shaft bearing bore diameter

Hot-spot temperature and type of insulation
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The failure rate for the H2-O 2 system generator is 64/106 hours.

This estimate includes the addition of a rotating rectifier

assembly in the exciter, composed of six diodes. No con-

sideration has been given to the possibility of increased

rectifier failure rate due to g-forces.

Inverter/Rectifier: The Martin Company (Ref. 4) estimates

the failure rate of inverters in general (single purpose) to be

400/106 hours. It appears that the dual purpose inverter/

rectifier may be a serious reliability problem because of its

inherent design complexity. An estimate of 250 failures per

106 hours was assumed, based on a minimum number of ele-

ments contained in devices of this nature. This rate may be

too low for this application and the actual failure rate could

be as high as that of the H2-O 2 engine.

Control Components

The failure rate estimates for the control components were

computed similarly to those of the electrical components.

That is, since each component is composed of a known num-

ber of electronic elements such as transistors, diodes, and

resistors, and since the operating and environmental conditions

for each can be estimated, it is possible to estimate component

reliably by obtaining the sum of the element failure rates.

This method was used for the demodulator, D.C. reference,

summing amplifier, RoC. circuitry, and the driving amplifier.

Since the ac '_ad dc tachometers are rotary electrical devices

similar to generators, their reliability estimate is computed

a c co rdingly.
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Compressor

To obtain a failure rate estimate for the compressors, the

Chairman of the Failure Rate Panel of the Society of Auto-

motive Engineers was contacted° This panel of the Reliability

Sub-Committee, was engaged in a study program of failure

rates of various types of mechanical devices° The failure rate

of 200/106 hours was taken from experience with piston type

air-compressors in approximately 100,000 hours of military

and commercial aircraft operation°

Failure rates obtained from this panel have not yet been pub-

lished, so the source documents cannot be referenced.

S upercritical Tankage

Although the tankage systems are not considered to be part

of the power system, it has been determined that fuel sources

of this nature are very reliable° A reliability level of o 99994

for the 350-hour flight mission time has been estimated by

the Beech Aircraft Corpo of Boulder_ Colorado, which has a

wide background of experience in cryogenic fuel systems°

This value was used in computing the system reliability°

Other Components

Reliability estimates for remaining system components, such

as the clutch 9 heat exchanger, compressor, and various types

of valves, and pressure regulators, are taken as appropriate,

from the failure rate documents listed in the reference. In

general, the variations in failure rates listed by these docu-

ments were due to the different types of usage of these com-

ponents. The attempt was made to choose the most applicable

rates o_
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6.2 Estimate of System Reliability

From a reliability standpoint, the complete auxiliary electric

power system can be thoughtof as being composed of three

separate series connected subsystems. These are a control

system composed of a tachometer, reference, demodulator

and related mode switching devices: an engine system com-

posed of a constant speed, reciprocating engine, and its fuel

supply components; and an electric power system capable of

generating both ac and dc power. All three are9 in a sense,

"series connected" because a catastrophic failure of any one

of the three would lead to a complete loss of the system func-

tion.

Each of these subsystems is illustrated in detail by a

Reliability Diagram in Figs. 6-1. 9 6-29 6-3, and 6.-4. Each

block represents a component of the subsystem, and the

respective failure rates per million hours of operation are

shown° These individual failure rates have been combined in

a manner consistent with component use to obtain an overall

failure rate.

The engine system has two supplies of fuel that will be avail-

able during the first 100 hours. The primary source during

this period will be "boiloff" from the main engine tanks. This

will be backed by a supercritical tankage system that will be

available on a standby basis° The estimated failure rates of the

boiloff supply and the tankage supply are different. The reliabil-

ity of this standby system9 or more correctly, the reliability

of the engine system for the first 100 hours can be expressed by;
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Demodulator Summing Driving_Amplifier _FAmpli/ier

._ 7 -- A 8 = ._ 10 = A 11 = _ 12 = "_ 13 =

1 2.5 I [ 26.01 1 16 I { 29 I [ 5.4 22.8 15.0

_A.C. _D.C. _R.C.

Tachometer Refer ence Circultry

_ Servo

Motor

D.C.

Tachometer

R14= I-4.3

Fig. 6-1 - Retiabitity Diagram for Controt System

Supercritical tank supply

(not Vickers responsibility) 1
I

I I I I

I_ I I I

;_ '_ fr _ _ h_°[ef
Clutch Shut-off Clutch

Pressure essure
Compressor Valve ompresso

Regulator Regulator

500

_H2-O 2

Engine

Fig. 6-2 - ReliabiLity Diagram for Engine System (First 100 Hours)
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1=,2 6 = 500

|

0 2 Supply System H 2 Supply System Engine

Fig. 6-3 - Reliability Diagram for Engine System (Last 250 Hours)

/_ 15 = 65 _16 = 52

/k19 = 14 t_

|

18 = 50 t

J

_Voltage

Regulator (De)

t Generator tVoltage _Inverter _Battery

Regulator (AC)

Fig. 6-4 - Reliability Diagram for Electrical System
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Where: = failure rate of boifoff fuel supply

= failure rate of supercritical tankage system

= failure rate of H2-O 2 engine

A summary of the complete auxiliary power system reliability

calculations is presented as Fig° 6-5°

6.3 Failure Mode Analysis

A failure mode analysis for the most significant components

is presented in the following tables° As indicated, this

analysis consists of a list of the possible failure modes;

their relative likelihood; probable effect on the complete

Auxiliary Power System and the primary causes. Additional

remarks are presented where appropriate°

Since at this stage of development, it is difficult to assign

accurate frequency rates to failure modes, each mode was

rated as "most likely", "less likely"_ "not very likely" and

"least likely"° The broad classification "most likely" should

not be considered as a highly probable situation but only as

the most probable of the modes presented°

The different type of failure modes have been broadly cate-

gorized as being of four different types according to their

effect on the complete system. Type 1 failure modes result

in "no electrical output" and are obviously the most serious.

* Bazovsky, Reliability: Theory and Practice_ P o 115-6

(aef° 1).
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Any failure that would have this effect on the system must be

considered "catastrophic", since the entire purpose of the APS

is to generate electrical power. Most failure modes, however,

are of Type 2, which have the effect of causing the system to
consume fuel at an abnormal rate because of inefficiency°

Type 3 failures occur in the control system and result from
an erroneous speed indication° This could result in out-of-

tolerance frequency for the .ac output.

Type 4 failure modes are those that would be catastrophic to the

boiloff supply of fuel. Since an additional source of fuel is

available, this may not be catastrophic to the complete APSo

Some failure modes of the voltage regulators would cause

system voltage to rise to a destructive level if no protec-

tive relays were used° It is assumed that these protective

devices would be employed and these modes would have a

Type 1 effect (no electrical output)°

6.4 Redundancy Requirements

First calculations with no redundancy of any type indicate

the estimated system reliability for a 350-hour mission to

be .69948. This means that to meet the system reliability

requirement of o 9977, three additional systems will be re-

quired on a standby basis.

However, this required number of APU systems can be reduced

if certain component reliabilities are improved and redundancy

is used effectively. For example, if within the complete

Auxiliary Electric Power System two inverters are employed,
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one of these in a standby redundant manner, the estimated

system reliability is improved to . 7633. Under these con-

ditions only two (2) standby systems would be needed to attain

a system reliability value of . 9977.

The estimated failure rate of 500/106 hours may be pessimistic

for the H2-O 2 engine. For example, Fig. 6-6 shows that num-

erous aircraft reciprocating engines have demonstrated failure

rates considerably lower than 500 per million hdurs_of operation.

Specifically, of the 24 engines for which data was available,

five have demonstrated failure rates lower than 100/106 hours

and nine between 100 and 200/106 hours. A complete tabulation

of the exact engine failure rates is presented in Table 6-3. If

a failure rate of 225 per milliOn hours of operation is achieved,

the system reliability requirement of. 9977 could be fulfilled

with only one standby redundant system. It is again stressed

that this may be a realistic assumption since many large and

co paplica ted aircraft reciprocating engines have demonstrated

this level of reliability.

System reiiabiiity calculations verifying the above statements

are submitted in Appendix F.
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• 96149 • 839366 • 866757

T
_Control System Engine System Electrical

System

Fig. 6-5 - Reliability Diagram for Auxiliary Power System
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.....
200 300 400

_--------H2-O 2 Engine Reliability Estimate

used by Vickers
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I I
700 800 9OO

Failure Rate x 10 -6

Fig. 6-6 - Summary of Reciprocating Engine Failure

Rate Data AAF - T.O. 00-25-128
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7 . 0  DESCRIPTION OF PROTOTYPE COMPONENTS 

7 . 1  Test  Engine Description 
I 

The experimental engine designed and constructed for the 
test phase of this program is a modified version of the ox- 
ygen injection engine constructed for a previous program 
(USAF-ASD Contract AF33(616)8406; Ref. 1 ). The engine 
follows the operating cycle discussed in  Section 3 . 3  and is 
basically a test vehicle for developing the engine combus- 
tion and timing configuration. Accordingly, the engine 
follows a conventional design, using commercial compon- 
ents when possible, except in the hydrogen and oxygen 
induction systems. 

Photographs of the engine are shown in Figs .  7 - 1  and 7-2 .  

Fig. 7 - 1  - H -0 Experimental Tes t  Engine Fig. 7-2 - H -0 Experimental Tes t  Engine 2 2  2 2  
2 19 
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Fig. 7-3 is an assembly drawing of the engine and the oxygen

injector valve is illustrated in Fig. 7-4. Areas of the engine

which differ from the previous ASD test engine include the

hydrogen valve spring arrangement, the methods of sealing

around the hydrogen inlet, and the cylinder head and piston

dome construction. The oxygen injector valve has been

completely rede signed.

A design discussion of each major subassembly is given below.

Some of these components were designed specifically for this

program and others have evolved in concept and design from

previous internal combustion and external corz, bustion engine

development work conducted by Vic::ers since 1958.

Oxygen Injector Valve

A new oxygen injector valve was designed for this program, to

be incorporated into engine tests and for additional development

as a separate component. Separate development cf the oxygen

injector valve was deemed necessary because of the special

problems involved in the development of the injector and because

of its importance in achieving satisfactory engine operation.

Fig. 7-4 is an assembly drawing of the oxygen injector valve

and a photograph of an injector assembly is shown in Fig. 7-5.

In order to reduce the valve seating loads on the injector poppet

seat a design has been evolved which allows the inertia londs of

the entire actuating system, with the exception of the poppets,

to be taken on the cam. Only the inertia load of the poppet valve

strikes the valve seat. The injector can be assembled as a

unit on the bench and installed in the engine as a module. The

cam follower shaft bearings are self-contained, the torsional
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Fig. 7-5 - Oxygen Injector Assembly 

seal tube has been lengthened to 
permit operation at lower s t r e s s  
levels, and the small flex pivot 
joint located within the sealed 
chamber is supported more r ig-  
id1 y . 
Hvdr w e n  Valve s 

The concentric dual poppet valve 
is discussed in Section 2.2.  

This concept has been used in 
Vicker s experimental engines 
since 1958. 

In this test  engine the inner (large diameter stem) valve opens 
first and the outer (small diameter  stem) valve opens second. 
A reverse of this procedure would possibly affect volumetric 
efficiency, but nothing else. The valves open outward against 
the gas flow, since combustion p res su res  high enough to blow 
the valves open were considered to be unlikely, and a spring 
strong enough to seal against supply pressures  would be ex -  
cessively stiff. 

The hydrogen valve train on the NASA engine is much easier 
to assemble than on the previous ASD design. The total 
number of par ts  has been reduced, and the valves,  valve 
guides, springs, spring keepers, and rocker a r m  followers 
may be assembled on the bench before installing the assembly 
in  the engine. The arrangement of the hydrogen inlet 
adapter has been modified to reduce the possibility of leakage 
f rom the supply line. Valve timing changes are accomplish- 
ed by manual adjustment during shut down in the test  program. 
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Cylinder Head

The cylinder head is a two-piece, piston-like member._ retained

in the top of the cylinder bore by cap screws° It is sealed against

gas leakage by static "K" type sealso Metal "O '_ rings were con-.

sidered but it was felt that problems would occu_ because of

differential thermal expansion between the two surfaces contact.-

ing the seal. The cylinder head has been designed to minimize

the available path area for heat transfer° Lower rates of heat

transfer from the combustion chamber result in higher cycle

efficiencies by reducing overall engine heat rejectiono See

View A-A of Fig° 7-3 for a sectional view of the piston and

cylinder head configurationo

Piston

A two piece insulated piston is used° The piston dome is

fastened in the center by a single cap screw th_ough a mount-.

ing flange_ and is sealed around the edge by a "K"' seai o The.

piston dome is of Rend 41 and the body of the piston is tool steelo

Crankshaft and ConnectinK Rod

The crank and connecting rod assembly are unchanged from the

ASD design, io e., an assembly from a motorcycle engineo The

crankshaft is carried in ball bearings and has integral counter-.

lx,_i_hf_ Th_ hi_r _nd of fho rnnn_0_t_nrr _nfl ,looa _nll_.... _,........... _, .................. -- e ....... a , v.,,., bear--

ing° The stroke oi the crankshaft is io 53 inches, which, with

a cylinder bore of 1o 50 inches, gives a displacement for the

test engine of 2°72 cubic inches°
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Crankcase and C vlinder 

Nitralloy cylinder bar re l s  are used. The cylinder bar re l  assembly 
is bolted to the crankcase to facilitate the changing of cylinders 
during the test  program. 

The cylinder bar re l  has an integral exhaust manifold with a ring of 
exhaust ports  opened by the piston rings, near the bottom of the 
stroke. An integral cooling jacket surrounds the upper cylinder be- 
tween the uncooled head area and the exhaust ports. This jacket 
takes the form of a helical passage, making several passes  around 
the cylinder. The lower portion of the cylinder has been left un- 
cooled, to reduce heat rejection. Lower cylinder cooling can be 
ohtained i f  necessary by another jacket between the cylinder and 
the crankcase. 

7.2 Two-Stage Hvdrogen Compressor 

Fig. 7-7 - Compressor Components 

A design drawingof the two- 

built for the test  program is 
illustrated in Fig. 7-6 and a 

is shown in  Fig. 7-7. The 
compressor incorporates a 
one $erei double-ended pis-  
ton and a rocking drive mech- 
anism. Internal bearings are 
eliminated through the use of a 
Bendix flexural pivot joint. The 
actuating mechanism is isolated 
f rom the compressor mechan- 
i sm by a bellows seal. 

'- ---1----n nnrnnrnccnp stage llyul WGGAA L W V I I A ~ ~  --- _ _  

pnotugraph ' L------ n s  u Luvlllrr onrnnrncqnr nart =-.- .S 
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An extremely long fatigue life for the flex pivot joint and the sealing

bellows is essential for a successful compressor design. Stresses

are moderate throughout the drive mechanism. The barrel cage,

made of several flexible rods, which connects the piston to the flex

pivot joint, is intended to impart negligible side loads to the piston.

Piston dynamic loads at 4000 rpm are considerably lower than gas

loads and are opposite in direction, so that the piston unloads at

higher rpm (see Fig. 7-8).

The compressor was designed as a test component for easy assem-

bly and dimensional stability. The piston can be assembled on the

bench before final assembly and is centered externally by adjusting

the rocking drive mechanism. Removeable heads are used to facil-

itate experimentation. Due to the uncertainty of existing information

regarding piston ring and bore materials, it was thought desirable

to allow for easy exchange of cylinders at low cost.

Speed = 4000 rpm

First Stage

--Pressure Fcrce (10:1)

\

\ 60

\\

_.0

Inerl la Force

1__0

0_Deg_ 'ees

\

/

JJ

/

/ j

Jf/

h

/

j

Resultant Fox :e

2nd

Second Stage

Pressure For ce {8:tJ

3 0

Fig. 7-8 - Hydrogen Compressor Gas and Inertia Forces
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The drive arm oscillates over a 7 1/2 ° angle from centerline_

which imparts a 1/2" stroke to the piston° The low pressure

side has a bore diameter of 0° 98 inches and a compression

ratio of 10:1, and the high pressure side has a bore of 0o53

inches and a compression ratio of 8:1o

This work distribution gives greater gas forces on the hig?_

pressure piston, which was found desirable for' optimum gas

pressure loading of the flex pivot joint° Estimated piston force
vs. time is given in Fig° 7-8o

The compressor was sized to handle incoming gas at the
greatest volume and flow rate which would be encountered on

the design mission_ using the projected propellant consumption
figures. With an inlet temperature range between 33° to 60°R

the second stage outlet temperature is approxima_ :ly 410°R

(-50°F), assuming 75% efficiency with all waste heat absorbed

by the hydrogen gas. Power consumption under these conditions

is 0.8 horsepower at maximum load. The low operating temp-

erature eliminates the need for a cooling system on the hydrogen

c ompr e s sor.

The results of parametric studies indicate the desirability of

a system capable of using hydrogen at 300 psi supercritical

storage pressure, therefore, a single stage compressor is now

planned for the flight design system, based on the first stage of

will be used, however, on the oxygen compressor°

7.3 Regenerator

The experiment_i regenerator is a cross-counterflow heat
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exchanger_ in which hydrogen at cryogenic temperature and

high pressure is heated by the high temperature_ low pressure,

engine exhaust gas° A schematic of the regenerator is shown

in Fig. 7-9 and an assembly drawing is shown in Fig° 7-I0o

This regenerator uses commercial tubing with all prime

surfaces, and is designed to operate at sea level back pressure.

Designing for sea level operation avoided the requirement of a

vacuum exhaust system in the test facility.

This regenerator features an all prime surface design for low

cost and ease of manufacturing, The analysis upon which the

prime surface design is based is in Appendix G o The prime

surface regenerator consists of two concentricv cylindrical,

stainless steel shells° The annular space between the shells

contains five (5) concentric coils of 1/4 ino O oD., 0o 016 ino

wall t stainless steel hydrogen tubes° Integral with the re-

generation are an exhaust gas inlet duct with connection flange,

an exhaust gas outlet duct, two identical hydrogen tube mani.-

folds_ and twenty-one (21) thermocoupleso

Each of the hydrogen coils has 40 turns° The concentric lo-.

cation of the coils is maintained by 1/16 ino diameter rods

spaced 120 ° apart° The pitch of the coils_ and the pitch relation-

ship between the coils,, is maintained by copper strips inserted

into the space between the coils at an angle with the axis° The

copper strips each have four holes through wluch the concen-.

tricity spacer rods are passed° All connections of the hydro-

gen tubes are heliarc welded° The outside shell has a window

at the cold end for observation of ice formation° Instrumen-

tation and test setup for the regenerator are described in

Section 10o 2o
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_H 2 Regeneration

Fi_. 7-9 - SchemaLic - H -0 Engi,ie Regeiie,'ato,"
2 2

Fig. 7-10 - Assembly Drawing - H -O Engine Regenerator
2 2
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7.4 Materials

Materials selected for major parts of the test components

are listed below:

Engine

Component Material

Crankcase

Welded Cylinder Assembly

Piston Head

Piston Body

Piston Pin

Piston Rings

Hydrogen Inlet Manifold

Hydrogen Valve Housing

Hydrogen Valve s

Hydrogen Valve Guide

Hydrogen Valve Rocker Arms

Cylinder Head

Cylinder Bolts

Cylinder Head Studs

Gaskets

Crankshaft and Connecting

Rod Assembly

Cast Iron

Nitralloy 135 modified

Rene' 41

H- 11 Tool Steel

M-50 Tool Steel

Chrome-plated Cast Iron

347 Stainless

H- 11 Tool Steel

H- 11 Tool Steel

H- 11 Tool Steel

4620 Steel (case hardened)

Rene' 41

Inconel X

Rene' 41

Haskell "K" Seals or

Metal O-rings

From Honda Motorcycle

232



Oxygen Injector

Component

Body

Rocker Assembly

Flange

Torque Tube

Quill Shaft

Rocker Shaft

Cam Follower

Sleeve

Flexural Pivot

Valve Poppet

Valve Seat

Valve Guide

Access Plug

Clamp Seat

Clamp Cover

Hydrogen Compressor

Housing

Ist Stage Cylinder

2nd Stage Cylinder

Valve Housing - 1st Stage

Valve Housing - 2nd Stage

Springs
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Material

Inconel 702

Rene' 41

Rene' 41

Rene' 41

Rene' 41

4620 Steel (case hardened)

52100 Bearing Steel

Rene' 41

Inconel X and 420 Stainless

Haynes Stellite #25

Haynes LT- 1

Haynes Stellite #25

Haynes Stellite 6B

Haynes LT- 1

Haynes Stellite #25

Haynes Stellite 6B

Inconel 702

Inconel X

Inconel X

304 Stainless

347 Stainless - Nitrided bore

347 Stainless - Nitrided bore

304 Stainless

AMS 5643

302 Stainless



Component Material

Outlet Flange

Inlet Flange

Piston

Crankshaft

Bell ow s

Rocker Arm

Flexural Pivot

Val ve Guide s

304 Stainless

304 Stainless

18% N i 300 Maraging Steel

18% N i 300 Maraging Steel

Inconel X

300 Maraging Steel

Inconel X

Teflon Filled Dronze

Regenerator

Shell

Tub e s

Spacing Rods

Spacer s

Flange s

Thermocouple Wire s

Insulation

304 Stainless

304 Stainless

347 Stainless Welding Rod

Copper

304 Stainless

Iron - Constantan

Kaylon Wool
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8.0 ENGINE TEST PROGRAM

8.1 Introduction

During the test program a total of 15.7 hours running time

(hot) was accumulated on the test enging. The amount of

running was limited primarily by the repeated teardown

necessary because of deficient oxygen injector performance.

Minor design and manufacturing defects which had to be

corrected during assembly, and some minor engine part

failures, also contributed to program delays.

Testing during this program was conducted at non-regenerated

............. (i -'-,^* .... * .... * ...... _.... _ ,,,;÷h 1')01GUIIUlU.UII ,'_ , _. .LL/Lt:_L _Ct ,'_ CtL .L t)ulla t_:;lll_-.t ¢._tt_.L _"]t vv_._aa _/O

clearance volume and 15 psia exhaust pressure. At these

conditions, the best BSPC _Jas an average of 2.4 lbs.per hp-hr.

When this performance is corrected to design conditions of

hydrogen inlet temperature (1000°F), 5% clearance volume,

and 1 psia exhaust pressure, a BSPC between 1.6 and 1.7

lbs/hp-hr can be expected at an engine shaft output of 3.0 hp_

This performance compares with a calculated value of 1.05

lbs/hp-hr. The difference between the calculated and exper-

imantally obtained performance is due to excessive heat

rejection, stratification of the gases, and some presently

unidentified losses. Further development work is expected

to bring experimental results closer to expected va'tues.

The conclusions drawn from the program are:

, Design modification of the static sealing method in the

area of the cylinder, head, and hydrogen valve should
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be considered. This is of particular concern for de-

velopment purposes where parts are repeatedly disassem-

bled and assembled.

.

o

Operation at design conditions should result in greatly

improved performance, but additional improvement will

be required to meet design objectives. This will require

considerable trial and error experimentation.

Peak combustion pressure was limited to values consid-

erably below expected levels. Control over O/F ratio

was also limited. Design changes are necessary to

correct this condition and should result in a direct im-

provement in performance and the controllability of

O/F ratio.

o

o

The mixing of combustion products and unburned hydrogen

in the cylinder appears to be incomplete. Evidence of

this was seen in the uneven temperature distribution in the

cylinder head area by direct visual observation of the

combustion process through a quartz cylinder head_ by

study of high speed movies of the same, and by inspection

of P-V diagrams_ Improved early mixing should not only

increase reliability by reducing thermal stress in the cyl-

inder head region, but should also result in a marked in-

crease in performance, as is indicated by the empirical

relationship between O/F ratio and combustion tempera-

ture. The improvement of mixing will require develop-

ment effort. One approach to be taken is to induce swirl

in the incoming hydrogen and to inject oxygen radially

inward, toward the center of the cylinder.

If regeneration is to be effective, the cylinder exhaust

ports must be redesigned to reduce heat loss of the
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exhaust gas to the cooler portions of the cylinder.

As performance is improved by reducing losses, more

precise instrumentation will be required to evaluate

de sign change s.

. Additional development is required to effectively reduce

heat rejection during the expansion and exhaust blowdown

phase of the cycle.

8.2 TEST SET-UP AND INSTRUMENTATION

The H2-O 2 engine test circuit is described below and shown

in Fig. 8-1. The engine power output is absorbed by a hydrau-

lic dynomometer, which also starts the engine. A hydraulic

power supply is used to supplypressure to the engine load

pump during motoring and starting operations. After the

engine starts, supercharge pressure (to prevent cavitation),

is supplied by the hydraulic power supply, and the pump

outlet pressure is regulated to control engine loading. The

1_-.a ..... : ...... _.^,.,I .._, _".',,,,-,,",_,'-,n 1._.'_'v,|n_ "Jn."] Y,nf,-Jf|,"_n ,'-.,f

the pump housing is restrained by a torque arm connected

to an electrical load cell which measures direct reaction

*...... v=,_,_,_, the '_ _"Lu,_,= de ''_'_'--^'_by ..n_,...e.Engine lubricant is supplied

from a resei_vOivby an electric motor driven pump. Lubri-

cation flow and pressure are measured.

Water cooling is used on the engine cylinder and flow is

measured with a glass tube flow meter. Water cooling is

also used on the engine cylinder pressure transducer.

The gas pressure control system is operated from the test

control panel and can control the supply of oxygen, hydrogen,

and nitrogen, (for purging) at the desired pressures. Details
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of the gas control system are 
shown i n  Fig. 8-2.  

Fig. 8 -3  is a photograph of the 
engine on the test  stand (the en- 
gine cylinder head is externally 
insulated in  this view). Fig. 8 -4 
is a photograph of engine con- 
trol panel and instrumentation 
readout equipment. Some of 
the readout instrumentation is 
shared with the regenerator and 
oxygen injector test stand se t -  
ups. 

Fig. 8-3 - H -0 Engine on T e s t  Stand 

(Insulated Head) 
2 2  A st r ip  chart  temperature re-  

corder and a multipoint temp- 
erature  indicator are used to monitor the various temperatures through- 
out the test system. A Vickers direct  reading torque indicator is used 
to monitor engine output torque. Engine rpm is read on an electronic 
counter from a signal developed by a magnetic pickup and a 60 tooth 
gear connected to the engine crankshaft. A water-cooled quartz crystal 

Fig. 8-4 - Engine Tes t  Control Panel 
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pressure transducer is used to measure engine cylinder

pressures. The transducer output is fed to a charge amplifier,

which converts the signal to a dc voltage proportional to press-

ure. The dc signal is fed to one input of a dual trace Tektronix

oscilloscope, which is calibrated directly in psi. A magnetic

pickup is used to generate a single pulse when the piston is at

bottom dead center, and this signal is fed to the other input of

the scope to display a timing pulse for pressure versus time

pictures, and also to synchronize the scope to engine speed. A

Polaroid camera is used to photograph the pressure/time sig-

nals on the oscilloscope.

A table of the engine instrumentation specifications is given

below:

TABLE 8 - 1

EN3INE TEST INSTRUMENTATION SPECIFICATIONS

Ident Function Ran g_¢ Accuracy Mfr. No.

A

B

C

Temp. 0-1500°F

1. Hydrogen inlet manifold

2. Engine exhaust temp.

Temp. -75 to 575°F

1. Hydrogen flow tube

2. Oxygen flow tube

3° Inlet water temp.

4. Cylinder wall temp.

Torque 0 to 99.9 in-lb

±1/2% Wheelco 3012 -2500

3. Cylinder head temp.

4. Cylinder head surface temp.

±I°F Honeywell 153301

5. Outlet water temp.

6. Inlet oH temp.

7. Outlet oil temp.

±1/4% Vickers 54616 -X
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Ident.

D

E

F

Function Range Accuracy Mfr. No.

RPM 0 to 999 999 rpm ±1 rpm Erie 720

Pressure 0 to 1000 psi ±1% Kistler 568

Pressure

Diagram 0 to 1000 psi Tektronix 533-CA

,u_,_. the present test equipment and instrumentation has been

saUsfactory for the preliminary test program_ more refined

equipment and instrumentation will be required to evaluate

the effects of development changes upon performance. Test

fixtures and equipment have been fabricated and procured for

a balanced pressure type transducer for cylinder pressure

measurement to replace the present dynamic system. A re-

circulating high temperature cylinder cooling system, to re-

place the present straight through water system_ will be re-

quired. A modified cylinder design with provisions for an

accurate survey of cylinder wall temperature should be used.

8.3 Discussion of Tests and Results

The intent at the start of the test program was to obtain a map

of engine performance data by varying O/F ratio and valve

timing adjustments at engine speeds of 3000_ 3500_ and 4000 rpm

and at power levels of: as low as possible, 25%9 50%° 75%9 100%_

and 150% of rated shaft power° Rated shaft power is taken to

be 2.92 horsepower°

This initial objective was not fully achieved because of

difficulties that were encountered in (1) finding a good cor-

relation between O/F ratio and a temperature that could
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be monitored continuously, (2) an arbitrary limitation

placed upon cylinder head temperature, and (3Dobtaining

a consistent relationship between oxygen supply pressure

and oxygen flow rate. These difficulties were a result of

the oxygen supply pressure levels necessary to avoid over-

heating and the corollary adverse effect of the low pressure

drop between the oxygen injector orif_e and the combustion

chamber. The arbitrary limitation was placed on cylinder

head temperature to avoid the possibility of developing

trouble at high temperatures in order to obtain a significant

amount of data without failure° The head temperature limit

was gradually increased from 1000°F to 1400°F during the

program.

In practice v the engine was run at a constant speed with

hydrogen and oxygen valve timing set manually before the

run° The desired torque setting was achieved by varying

gas inlet pressure, Mixture ratio was determined by the

maximum allowable cylinder head temperature° This method

resulted in thehighest O/F mixture ratio at lower torque

percentage of heat was transferred to the cylinder head

for the same head temperature.

8.3.1 Compilation of Test Results

Representative test results obtained during the H2-O 2 inter-

.nal combustion engine test prod;ram are shown in Table 8-2

and in Figs. 8-7 through 8-16o The significance of some of

the parameters presented in Table 8-2 is given below.

The most significant index of engine performance is speci-

fic propellant consumption (SPC)° This parameter is
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between individual data points.

The engine power level is a function of BMEP and rpm.

BMEP is a function of inlet pressure as well as combustion

energy, so it has been normalized into the dimensionless

parameter BMEP/P H where PH is hydrogen inlet pressure.

This rating has the disadvantage of not taking friction MEP

into account; but it is felt that the parameters BSPC.RT vs°

DMEP/P H represent the most general information concern-

ing engine performance and the investigation of these para-

meters as functions of engine operating variables, a_I affords a

means of perceiving trends and relationships that would other-

wise remain undetected° BSPCoRT should reach a minimum

at the power level at which the engine is operating at maximum

efficiency.

Data could be presented in terms of thermal efficiency, de-

fk_ed as the _ _* ._ the rate of chemicalslla_Loutput power divided _"

energy release at the measured O2/H 2 ratio, in terms of the

higher heating value of ............ '-"- "-_:-"*"-- ^* ^*_'_" .....llytll"U_211o Ill3. ,'_ I.II:_IlIIJ.LLUII UI _ll.L_..J._ll_y

cannot, however, be applied in the usual manner because it

does not include the stored pressure energy available due to

the pressure ratio which exists across the engine. E_ic_=,,,.y

comparisons between two runs at different inlet pressures

would need a correction to account for the difference in

.......... _"<" For th_ = reason the p_'_rn_t_v BSPC°RT

is used as the index of comparison.

The test data shown in this report represent a very low level

of specific propellant consumption, especially when consider-

ing the low power level involved. All of the tests at design

power levels resulted in SPC between 2° 3 and 3.0 lbs/hp-hro
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Fig. 8-6 - BSPC vs. BMEP
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This exceeds the efficiency of

t lrbines at this low power,

according to the best data pub-

lished.

In Fig. 8-8, all the data points

at BSPC of less than 3.5 lbs/

hp-hr are plotted as a function

of _,_._v_,_- . While a ,_ =,_t many

operating conditions are repre-

sented, a trend toward lower

propellant consumption at higher

BMEP is clearly evident.

In Figs. 8-7 through 8-11, the parameters BSPC.RT and BMEP/PII

are plotted for all runs in which data were taken. The band shows the

range of performance of the H2-O 2 engine as a function of these param-

eters.

Other parameters, shown in Table 8-2 and in the complete data comp-

ilation of Appendix H , include the hydrogen and oxygen inlet pressure,

hydrogen inlet temperature, oxygen/hydrogen mixture ratio by weight,

exhaust gas temperature, and maximum cylinder head temperature.

This last item is measured by a thermocouple mounted in the top of the

combustion chamber, which probably reaches the highest temperature

of any metal section of the engine. Heat rejection, expressed as a

percentage of shaft output power, is also given. This is heat rejected

to the coolant water only and does not include heat lost through the

cylinder head and the crankcase walls by radiation and convection.
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8.3.2 Interpretation and Analysis of Test Results

An attempt was made to correlate BSPC-RT vs. BMEP/P H with all

other engine operating parameters. Valve timing was found to have

the most significant effect; accordingly, test results for each valve

setting on this basis are shown in Figs. 8-7 through 8-11.

Test results for timing condition No. 1 are shown in Fig. 8-7. A

majority of the tests were run at this timing. It represents 2% hy-

drogen admission with a 7 ° overlap of the hydrogen and oxygen valves.

A shaded band coversmost of the data points. Two conclusions can

be drawn from this curve:

.

2.

Performance at 4000rpm is better than at 3500 or 3000rpm.

The reduction in BSPC-RT with increasing BMEP/P H is dramatic

but does not appear to reach a minimum within the range of

BME P/PH investigated.

H2 19 ° BTDC - 4* ATDC

02 3* BTDC - 25 ° ATDC

o

N

0 . 10 .20 .30 .40 .50

BMEP/P H

Fig. 8-7 - BSPC-RT vs. BMEP/PI_ I - #1
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Test results for timing condition

No. 2 are shown in Fig. 8-8.

This engine timing represents

a high value of hydrogen admiss-

ion (10%) with 7 ° overlap.

For comparison purposes, the

shaded band of Fig. 8-7 is re-

produced in *'_L,..o°m_d ,,_.,,,,'_*h'_"fig-

ures through 8-11. Note that

a higher level of BMEP/P H is

reached due to the higher ad-

mission level, and that perfor-

mance is quite poor in most runs.



Fig.

Fig.

}l2 18°IYrDC . 34oATDC

O,_ 27oATDC - 55oATDC

N

Q O

O 3000 rpn

4000 rp_

O

O

[

I
0 .I0 .20 .30

BMEP/PH2

8-8 - BSPC. RT vs.

.40 .50

BMEP/P H - #2

H 2 18°BTDC - 34oATDC

Op 20oATDC - 48oATDC

4.0

N

3.0

3000 rpr

4')00 rpn

2.0

1.0 I

0 .I0 .20 .30 .40 ,50

.', BMEP/PH_ I

8-9 - BSPC. RT vs. BMEP/P H_ -#3

Again, BSPC.RT tends to be low-

er for the same BMEP/P H at

4000 rpm than at 3000 rpm. The

poor level of performance is

caused mostly by the low BMEP

(low absolute operating power

level even though BMEP/P H is

higher). It was not possible to

achieve high design mixture ra-

tios at this timing, at high power

levels, without the risk of ex-

cessive cylinder head tempera-

ture so the tests were run at

low power.

BSPC-RT vs. BMEP/P H is plot-

ted for timing condition No. 3 in

Fig. 8-9. This is the same as

condition No. 2 except for the

change of static valve overlap

from 7 ° to 14 ° . The same trends

are evident in both conditions:

lower SPC @ 4000 rpm, steep

slope. Performance is slightly

better than for timing condition

No. 2.

In Fig. 8-10 BSPC.RT vs. BMEP/

PH is plotted for timing condition

No. 4. This is the same admiss-

ion as No. 1 (2%) but has 10 °

static overlap instead of 7 ° .
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H 2 19oBTDC .4oATDC

02 6°BTDC " 22oATDC

03000 rpn

[:]4000 rpn

1

I
0 .10 .20 .30 .40 °50

BMEP/I_

Fig. 8-10 - BSPC-RT vs. BMEP/P H -#4

Fig.

N

1"I2 19oBTDC . 4oATDC

02 3°BTDC . 25oATDC

z i I

.10 ,20 .30 .40 .50

BMEP/P H

8-11 - BSPC.RT vs. BMEP/P H - #5

Actual performance is poor, but

relative to BMEP/PH, it falls

within the band of Fig. 8-7, which

verifies the expectation that

BSPC-RT will be lowest at low

admission ratios.

Timing condition N'_. 5 is shown

in Fig. 8-11. This timing has

the 2% hydrogen ad,:n, ission of

condition No. 1 and No. 4 but

with an overlap of 5 ° . Note that

all points fall below the band.

This is due partly to the fact that

all runs were made at a high in-

let pressure so that BMEP was

still high enough to minimize

friction effects even at low BMEP/

P__ However, the improved per-

formance of timing condition No.

5 over timing conditions No. 1

and No. 4 is evident. The improv-

ement is thought to be due to de-

creased overlap and less interfer-

ence of oxygen and hydrogen flow.

This improvement is not readily

apparent when the data are plotted

in terms of BSPC instead of

BSPC- RT.

Pressure time traces were photo-

graphed on the oscilloscope at
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every data point° Five typical traces_ taken at various

timing conditions, have been selected and are presented in

Figs. 8-12 through 8-16o

Fig. 8-12 shows a pressure time trace of a run using No. 1

timing at a mixture ratio of 1.49 and SPC of 2034. This is

close to the best performance that has been achieved. There

are two breaks in the rising cylinder pressure curve. The first

is at hydrogen inlet, shown as point 1o Hydrogen pressure

levels off and the hijection of oxygen causes a further pressure

rise due to combustion, causing the shoulder at point 2.

The pressure peaks at point 3 and the exhaust ports are uncov-

ered by the top piston ring at point 4o Figs. 8-17 and 8-18

represent the same test run as Fig. 8-12 replotted on linear

and log-log, pressure-volume coordinates respectively° An

IMEP value of 168 psi was calculated from the measured area

of the linear diagram (Fig° 8-17)o As noted on the figure_ a

BMEP of 140 psi was measured on this runo The pressure-

volume, log-log plot of an ideal adiabatic expansion or com-

pression of the products of combustion of hydrogen and oxygen

with an O/F ratio of 1o 5o is a straight line with a slope of

)/ = 1.31. Disregarding instrumentation limitations (of the

quartz crystal type pressure transducer)_ the curvature of

the expansion and compression lines shown on the log log

diagram (Fig. 8-18),, indicates the extent by which the actual

processes deviate from the ideal adiabat2c processo This de-

viation may be attributed to a combination of the following:

1. Slow mixing of steam with unburned hydrogen

2. Cyclic heat transfer
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3. Net heat transfer

4. 3as leakage

5. Slow combustion process

6. Incomplete combustion

In Fig. 8-13, timing condition NOo 4 is shown. The four

points described above are again labeled° The 'break' at

point 2 is not pronounced due to oxygen-hydrogen flow overlap.

In Fig. 8-14_ a trace from a test run employing timing condi-

tion No. 5 is shown° In this run very little overlap exists, so

hydrogen pressure has time to drop slightly before combustion

pressure rise occurs° Figs° 8-12, 8-13, and 8-14 represent

engine operation at 2% hydrogen admission.

Two pressure time traces showing performance at 10% admiss-

ion are illustrated in Figs. 8-15 and 8-16o The four significant

points discussed above are labeled in both curves° Fig. 8-15

shows timing condition No. 2, which has 7 ° overlap, and Fig.

8-16 shows timing condition NOo 3_ with 14" overlap. The

difference is not noticeably clear in these runs since burning

occurs considerably downstroke° Fig. 8-16 shows a dramatic

improvement in performance over Fig° 8-15o This is felt to

be due primarily to the higher BMEP of the run shown in Fig° 8-16.

8.3.3 Conclusions Regarding Combustion Phenomena

The large amount of scatter present in all the more general

figures is indicative of the high degree of complexity of the
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physical phenomena involved. While it is inadvisable to rely

on any one reading, there is enough consistency in the data to

draw the following conclusions:

lo Combustion at or near top center is necessary for low

propellant consumption. This is evident by comparing the

performance at timing conditions 1, 4, and 5 (2% admiss-

ion), with the much poorer average performance at tim-

ing conditions 2 and 3 (10% admission).

o Propellant consumption increases with increasing over-

lap of the oxygen and hydrogen valves at 2% admission.

This is probably due to flow limitations of this particular

,_-_,-. ,qo_ign _nd should not be considered a general con-

clusion. It is thought that overlap (and therefore combus-

tioti x_'dle the hydrogen valve is still open), perhaps inter-

feres with hydrogen flow.

0 This engine may not be operating at its most efficient

power rating. There is no data available at high levels

of BMEP/PH, so the minimums of Figs. 8-7 [lu=ough

8-11 are not known. If friction MEP were reduced, the

minimum would move toward a lower value of BMEP/P H.

This can be seen by viewing Fig. 8-11. On this figure,

the data falls below the band of Fig. 8-7. This is due

partly to timing and partly to the very high inlet pressure

of all these runs L-,_ H ), _;,_hic-h minimizes the.c'_pl,.s,= _,,u_ _ .................

effect of friction MEPo

A higher level of BMEP/P H can be achieved in the follow-

ing ways:
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ae Raising oxygen injection rate, thereby achieving

greater thermal compression.

Do Greater clearance volume, for a greater charge,

at the same hydrogen admission. This unfortunate-

ly will also raise BSPC, since the expansion ratio

is less.

Co ._reater admission. This will also raise SPC in a

manner similar to that resulting from greater clear-

ance volume.

d. Reducing exhaust pressure, thereby decreasing

recompression work.

An alternate approach would be to lower friction MEP

by experimenting with ring and cylinder bore combina-

tions, thereby lowering the point at which friction MEP

cancels the benefit of low admission.

Co Combustion at higher mixture ratios appears to be less

efficient in this engine configuration. This is illustrated

by Fig. 8-19 which shows the ratio of accounted for

energy to theoretically available energy as a function of

mixture ratio.

This figure was obtained by a heat balance on runs 4-23

of Table 8-2 in which the sum of accounted for output

energy, i.e., exhaust gas enthalpy rise, cylinder heat

rejection, engine shaft power output, and an estimated

cylinder head radiation loss was found. The result was

divided by the theoretically available energy, and the
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Fig. 8-19- Energy Ratio vs. O/F

quotient is plotted vs. O/F ratio.

If all lost energy were accounted

for, the quotient would be one.

Such items as engine friction,

heat lost to the oH through the

crankshaft, etc., are not includ-

ed, but would not rise this much

with O/F ratio. If there were an

identical combustion efficiency

throughout the O/F range, a

straight horizontal line would

re sul t.

Co_mbustinn inefficiency could be

caused by excessive heat trans-

fer, charge stratification_or in-

complete combustion. Indication that charge stratification occurs

may be verified by checking Fig. 8-20, which shows a film sequence

taken through a quartz cylinder head. Note that combustion begins

immediately after injection of oxygen. This film was taken during

the run of a similar (earlier) engine design using a previous oxygen

injector design; however, combustion chamber shape and injector

location and orientation are identical to the present engine config-

uration.

8.3.4 Engine Temperature Data

Engine Exhaust Conditions

In Fig. 8-21 the engine exhaust temperature is plotted against BMEP for

various maximum cylinder head temperatures. (Head temperature was

usually used as a check on the mixture ratio during a test). This curve
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Fig. 8-20 - Combustion Chamber F i lm Sequence 
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indicates that the thermal loading on the engine (as represen-

ted by exhaust temperature)_ increases as the BMEP is raised.

These data points are all for No. 1 timing° For a higher ad-

mission, an increase in exhaust temperature would be expected,

since there would be less effective expansion° See, for exam-

ple, entries 20 or 21 of Table 8-2.

Regenerated Performance

During engine tests using the regenerator the maximum hydro-

gen inlet temperature did not exceed 300°F_ and thus v no start-

ling improvement was noticeable between regenerated and un-

regenerated runs. Differences were usually masked by other

variables such as timing_ or changes in oxygen injector flow

characteristics. However_ a comparison of individual runs

will tend to show an improvement in BSPC when running with

the regenerator° For example_ see entries 19 and 23 of

Table 8-2. The only significant difference between these runs

was the regenerated hydrogen and the lower oxygen/hydrogen

overlap of run !9_ both of which contributed to the much better

BSPC than achieved in run 23 (20 _i Ib/hp-hro as opposed to

2.90)0

Insulated Cvlinder _-_ead Performance

The runs in Fig. 8-22 were made with an insulated cylinder

head. Results are inconclusive due to the poor oxygen in-

jector performance in this run° Oxygen injector malfunctions

are thought to be a result of differential thermal expansion

and overheating of this area caused by the insulation°
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8.3.5 Engine Friction

Motoring friction tests were run to establish the friction

mean effective pressure level of the engine° The results

of these tests are shown in Fig. 8-23. It will be noted that

there is considerable scatter in the data. The tests were

run at somewhat different conditions and cooling jacket

temperature, which would effect oil viscosity, was not

controlled, There is also some hysteresis evident since

the FMEP with increasing speed is lower than with decreas-

ing speed.

Motoring friction data obtained on a similar engine tested

previously under Air Force contract was somewhat lower

than the data shown in Fig° 8-23o The reasons for this

apparent discrepancy are as yet unresolved° It was data

from these prevoius engine tests that were used for estab-

lishing the FMEP level of 11 psi used for cycle analysis

in the parametric studies section of this report.

It is not yet possible to correlate motoring friction data with

friction MEP calculated from indicator card data obtained

under firing conditions. Analysis of one typical indicator

card showed an FMEP of 28 psi obtained by subtracting

the measured BMEP of 140 psi from the indicator card IMEP

of 168 psi measured with a planimetero This value is not

considered significant because of the limited accuracy of

determining IMEP by means of the continuously indicating

quartz crystal type pressure transducer o The pressure

measurement errors may be of the same magnitude as the

difference between IMEP and BMEP°
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More accurate values of operating FMEP should be obtain-

able by the use of a balanced pressure pick-up. It is planned

to conduct such.tests in the future,

8o 3.6 Other Engine Data

A great many parameters related to engine performance

were examined for meaningful interrelationships°

One instructive procedure is to correlate several runs in

which only one variable is changed. One example is Figs.

8-24 and 8-25_ where several runs at the same speed and

BMEP are plotted. Heat rejected and BSPC are shown as

functions of O/F ratio° The data are quite consistent in

spite of the fact that entries were taken from several diff-

erent test runs.

8,4 Performance Corrections

Attempts to accurately predict design performance from the

test data can be misleading because of the uncertainty as to

how the relative magnitudes of the various losses will be

maintained as conditions are changed° Realizing this limi-

tation oi such corrections, the steps leading to_ ai-_d the

results of corrective analysis based upon the original para-

metric design study_ are presented here, The results can

1,, ..... ,-I _^ _^,_,,_A,_4- f^af QD/_ fn_ r_fh_'r, .fl,'_|_,_."l r-_n,fl_f|nn_ Th_

results should be considered to be preliminary°

Basis of Corrections

The test results from two runs made on different days were

averaged as follows.
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Data Qcyl

Sheet Time BSPC O_QJ_._F HP BMEP "-2

!2 8550 2.40 1.54 1. 149 _42 300°F

13 8,_70 2. 385 1. 478 I. i38 14! 295°F

Average 2.39 1. 509 1. 144" i4i. 5 297.5°F

On the basis of performance calculations it has been predicted

that the performance of the H2-O 2 engine operating in space

would be as follows:

BSPC = 1.02 lb/hp-hr.

@ BMEP = 86 psi

6"_1"I2 - '_

Clearance volume
Disptacement - C = 0o05

Exhaust pressure = Pe = 2 psia

Regenerated H 2 temperature = T i = _000°F

Net cylinder heat rejection = Q/HP = 0o 53 @ y - 0o 3*

Assumed in the Calculations

No charge temperature stratification

No leakage

No cyclic heat transfer

FMEP = 11 psia

Diagram factor = 0.9

P1 = 900 psi at minimum BSPC

Calculated space performance is now corrected to sea level

performance, with calculations corrected for operating condi-

tions recorded in tests. BSPC is successively corrected for
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BMEP, O/F, C, Pe, Till2, Q/Hp, and unaccounted losses•

Each correction is treated independently. The results are
tabulated below•

BSPC

TABLE OF CORRECTIONS

BMEP O/F C P_e TiFi2__ Q/HP
BSPC PenaltvFor
Unaccounted "Loss

1.02

i.055

1.045

i. 12

I. 16

I. 375

i.68

2.39

53@y86.0 2 05 _ 1000°F = $*

2  ooooF :
141.5 [__ .05 2 IO00°F .53@y=.6 :

141.5 _ 2 iO00°F .53@y=.3 i

141.5 .125 [_ 1000°F .53@y=.6 i

141.5 .125 15 [3000F I .53@y=.6 i

141.5 .125 15 I1.34"*@y= . 6] i

141• 5 .125 15 VI_

*The Q/liP value measured does not include cylinder head

heat rejection° To account for this, the measured heat re-

jection was increased by a factor of 17 percent (i• 144 x 1.17 =

I. 34)• This factor was determined by conducting an analysis

of the heat radiation and natural convection from the head.

Insulation of the head will reduce the net heat loss from the

head.

**Explanation of weighing factor y presented in Progress

Report PR91565-430-2; y = 0 when all net heat rejection

occurs at TDC; y = 1 when net heat rejection occurs after

expansion.

Note: The successive increases in the BSPC column are the

result of cumulative effect of the difference between the design
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conditions used in calculation and actual test conditions.

The contributing parameter in each row has been boxed.

Comments on Corrections and Losses

In the table of corrections all readily accountable effects

increase theoretical BSPC to a corrected value of i. 38

lb/hp-hr. Unaccounted losses apparently increase BSPC

by an additional 42% to the measured value of 2. 341b/hp-_.

These unaccounted losses are no doubt composed of some

or all of the following effects:

1. Cyclic heat tz_ansfer

2. Combustion charge temperature stratification

3. Leakage

4. Z-_igher friction

5. Incomplete or late combustion

It is suspected that temperature stratification has the great-

est single influence on unaccounted losses. If combustion

energy were not transferred to the diluent at all, peak com-

bustion pressure would be only about 1/2 that of an equili-

brium products/diluent mixture. Thus, BSPC would be

approximately twice the value calculated assuming a uniform

temperature mixture. Assuming complete stratification is

certainly too conservative, but considerable stratification prob-

ably does occur, with resulting BSPC penalty. I_Lighspeed
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photography and thermal patterns (hot spots) on piston and

cylinder head indicate that increased swirl, or turbulence,

in the combustion chamber should improve performance°

Cyclic heat transfer also increases BSPC. Studies on four

stroke diesel engines have shown it to have an effect approxi-

mately three times more penalizing on performance than net

heat transfer from the engine. Since the I:;,_-O,_engine is not

of the internal compression type, the effects of cyclic heat

transfer should be much smaller than in an air-breathing
diesel engine.

Net heat transfer results in complete removal of a portion

of the heat enerzy from the cycle by heat rejection to the

coolant, or by radiation to the environment.

Cyclic heat transfer results in removal of l-doh-grade ('high

temperature) heat energy from the high temperature, high

pressure portion of the cycle by transfer from the hot com-

bustion gases to the relatively cooler' cylinder walls. This

heat is returned to the working fluid at a later point in the

cycle when the gas is at low pressure and is cooler than the

cylinder wails, but this occurs at a time _hen the returned

heat energy can ,_o longer be usefully extracted from the

working fluid. The gross effect of cyclic heat transfer is

to reduce the expansion work obtained from the cycle and

to increase the wor:: required to re-compress the residual

exhaust gas trapped in the cylinder after blowdown.

Leakage may impose penalties in two ways; (_) heat transfer

is stimulated and, (2) working fluid escapes, i.:igh friction

will reduce mechanical efficiency. With incomplete or late
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combustion, the full benefit os the potential energy release is

not realized.

The data shown in the Table of Corrections should be used

for comparative purposes only_ and the temptation to use them

in predicting performance should be firmIy resisted until the

effect of each factor can be demonstrated by test° It is un-

realistic to expect that all of the unaccounted for losses can be

isolated and recovered° It is also unrealistic to expect that the

recognized losses due to off-design test conditions will be re.-

covered in the relative magnitudes shown in the table. For

example, it would not be unexpected if the net heat rejection

increases when O/F is increased from lo 5 to 2o 0_ thus mak-

ing a reduction in heat rejection even more difficult to achieve

by mechanical and thermodynamic development° Conversely,

the red_,_,_ct_ion of exhaust pressure from 15 psia to 2 psia could

conceivably provide a greater gain in performance than indi-

cated by the table because of a beneficial effect on cyclic heat

transfer due to reduced working fluid density during the re

compression process°

Although predictions of performance improvements are hazard-

ous at best_ it is felt that a reaiisuc es_mate of Li,_ pe,_foi-i_i-

capability of the existing experimental engine is a BSPC of

approximately 1o 3 lbs per hp-hr with vacuum exhaust, re ....

generated inlet temperature, O/F = 2o 0o 5% clearance vol-

ume, and with nominal reductions in net and cyclic heat trans-

fer,friction, charge stratification_ and unaccounted for losses°

.LI_II. tllCtt J. Ul tllCl J.IJLJ._.L VVI.,LIJ._.,**_._ _*, .............. --

itional detailed refinement and development of the engine de-.

sign. It must be realized that the predicted BSPC of 1o 0

lbs per hp-hr for the flight type engine was based on a real-

istic appraisal and application of the current state_of-.the-art

of modern air-breathing internal combustion engines_ with due
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allowance being made for the differences in fluid properties°

It appears reasonable to expect that a fully developed and

highly refined H2-O 2 engine should achieve a BSPC = Io 0

lb per hp-°hr at design conditions_ although this will not be

achieved without the expenditure of considerable time and

effort and the accumulation of many additional hours of

diligent de velopment te sting°

8.5 PROBLEM AREAS

Mechanical Failures

The engine failures which occured during the test program are

considered to be minor in nature° A summary of failures is

tabulated below°

Failure Summary ....

Part 1,hlmber Name and Problem

Number of Occurenc(_s

During 15o7 hrs of Aot

& 9 hi s of Cold running

time

X87L0157 H 2 Valve guide -, wear _

X_09923 Combustion chamber - crack 1

X609997 Head seal - leakage 3

Xo099,_i Combustion chamber seal _- leakage _,

_Hydrogen Valve Guide Wear

The hydrogen valve guide wear problem occurred during one

engine assembly_ and it is attributed to misalignment of valve
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parts due to unevened torquing of bolts° and uneven and incom-

plete crushing of static metal _O _' ring seats° Reoccurrence of

this problem can be prevented by modifying the hydrogen valve

design to allow for a more solid assembly of parts_ and by

changing seal grooves from a _'V"' cross section to a rectangu-

lar cross section to provide for proper crush of the seals and

to allow for tolerance variation in the seals°

Combustion Chamber Failure

Failure occurred in a thin (0o 064 inch) annular section of the

combustion chamber top during a test run _vhere the metal

temperature reached 1400°F. Failure was attributed to bend-

ing stress due to the high force applied at its center to seat

the seal at the outside diameter. The design was modified so

that the sealing force was applied at the outside diameter and

no other failures occurred.

Combustion Chamber Seal Leakag_¢_ and Head Seal Leakage

Both of these seals are silver plated Haskel "'K"' seals° The

leakage in operahon is attributed mainly to repeated loading

and unloading during the test program,, and [u dH_eie,-_tial ex-

pansion of the head components due to poor mixing of co_ :bus--

t_[on products and unburned hydrogen_ One of these seals is

between the head assembly and the cyimder and the other is

between the combustion chamber disc and the head assembly

ring.

Problems Affectin_ Performance and Testing Controlabilitv

As previously menttoned_ ditficulty was encountered in obtain-

ing a predictable change in oxygen flow rate for a change in
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oxygen supply pressure° Since the oxygen flow is influenced

by the interrelationships between oxygen supply pressure, the

oxygen orifice size_ the lift profile of the poppet_ and the cyl-

inder combustion pressure rise characteristic_ it should be
possible to correct this condition by changing the orifice size

and poppet lift profile and/or increasing the oxygen supply

pressure° I-hgher oxygen supply pressure can be used if the

preload force of the hydrogen valve poppet return springs are

increased to prevent the valve from, blowing open from l-figh

peak combustion pressures°

Another problem concerned the opening and closing cam angles

of the oxygen injector° These were found to have increased

(from their' cold adjustment) when the angles were checked by

static test while the engine was still warm after a hot test.

The change in opening angle due to heating is much more pro-

nounced when the differential pressure acx oss the oxygen

injector is small° When attempting to run low O/F ratios

with the oxygen pressure slightly above hydrogen supply press-

ure, hydrogen valve closing near' TDC,, and oxygen admission

set to begin a few degrees after hydrogen valve closing_ it

was found that the oxygen valve opening point advanced,_ result-

ing in increased overlap with the hydrogen valve°

The shift in oxygen admission caused the inflow of hydrogen to

be restricted_ O/F ratio to increase_ and head temperature to

go up rapidly_ necessitating a quick abort of the test° This

overheating condition was quite evident "_vhen attempting to run

with an externally insulated head° The insulation al.so su_.'rounds

part of the oxygen injector and accentuated the problem° It is

believed that this condition occurred to a lesser extent during

other tests_ when higher oxygen supply pressures were used,
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and that it was the cause of the occasional instability° It

could also account ;or some of the poor performance which

occurred at higher O/F ratios. When combustion occurs

while both the hydrogen valve and oxygen injector are open,

the combustion pressure is limited by leakage through open

valves, This is particularly true when the overlap occurs
before TDCo

Engine Friction

Motoring friction tests were run to establish the friction

mean effective pressure level of the engine. The results

of these tests are shown in Fig, 8r.23° Motoring friction

data obtained on a similar engine tested previously under

Air Force contract was somewhat lower than the data shown

in Fig. 8-23, The reasons for this disc1_epancy are as yet

unresolved. It wa.s data from these previous engine tests

that were used for establishing the FMEP level of 11 psi used

in cycle analysis studies,

it is not yet possible to correia[e moioz h_g h-ic.tion data ..... '-WILII

FMEP calculated from indicator card data obtained under

firing conditions. Analysis of one typical indicator card

showed an FMEP of 28 psi, oota_ned by ._uuua_a,_g, uie

measured BMEP of 140 psi from the indicator card IMEP

measure with a planimetero This value is not considered

,,,_,,_,,,,,n+h,_,,,_,,o,_of tha ]|rr_f,_r]arr,,v_ey nf rl_t_rrnining

IMEP by means of the continuously indicating quartz crystal

type pressure transducer. The pxessure measurement errors

may be of the same magnitude as the difference between

IMEP and BMEPo
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More accurate values of operating FMEP should be obtainable

by the use of a balanced pressure pick-up. It is planned to

conduct such tests in the future.
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9.0 EXPERIMENTAL OXYGEN INJECTOR TEST PROGRAM

9.1 Summary

During the oxygen injector test program, two identical basic

injector assemblies were maintained. One was evaluated by

testing it as a separate component on the injector test stand

and the other by running it as a part of the engine assembly.

A total of 31.25 hours of running time was accumulated on the

injector test stand° A total of 15.7 hours of hot running time,

plus 9 hours of cold motoring test time, was accumulated

on the engine. The performance of the injector was superior

to the one used in the ASD engine from which it evolved° There

were no failures of the critical torsion seal tube through which

mu tlo_, is trans mitred, and it functioned properly" thru u_,_u ut

the test program. It_ 'ynamic flow characteristi,:: 3xc_:_ :_,

expectations° The valve did exhibit some lost motion between

the cam follower and poppet. Though the flow characteristics

of the injector are i:_:_..erre'.a!ec_with, and greatly dependent

upon, minor changes in engine design and adjustment, it is

now felt that orifice size and liftof the injector can be reduced

considerably; however, more analysis ar.d testing will be

required to prove iL

One basic problem with the present design is that performance

tends to change each time the injector is reassembled, either

with the same parts or with diiiereat parts. This condition

is due in some degree to minor manufacturing variations of

parts (spring rate and dimensions), but to a greater extent,

to the inability to adjust the location of one part in a compat-

ible arrangement with others. A _umber of minor design

changes must be taken to correct mis condition. Another
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problem, was wear on the cam follower. 

A number of injector failures occurred during the program 
which reduced the testing time of the injector, both as a corn- 
ponent and on the engine. The most ser ious type of failure 
experienced was the gradual wear between the poppet and 
guide, and deformation of the poppet seating surface,  which 
r ~ d ~ c e s  thz life zlf the iiiiii. Reasons and corrective measures 
f o r  this condition are  discussed i n  detail,  but time and funding 
limitations prevented the evaluation of any alternate approaches 
during the test program. 

9.2 Test  Set  UP & Instrumentation 

A photograph of the oxygen injector test stand is shown in 
Fig. 9-1 and the system schematic is shown in  Fig. 9-2. 

A dummy engine crankcase 
is used to mount the oxygen 
injector and camshaft, which 
is driven by a hydraulic 
motor. The hydraulic power 
s upply uses an electr ic  motor 
driven pump, fi l ter ,  bypass- 
valve for speed control, and 
a meter-motor to read the 
drive motor rpm. 

Lubrication €or the irijec tor 
sys tem is supplied Prom the 
engine test stand system. 
Nitrogen o r  oxygen gas is 

Fig. 9-1 - O2 Injector Test Stand 
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Fig. 9-2 - Schematic - O 2 Injector Test Stand

selected by a three-way solenoid valve, and pressure is con-

trolled by a solenoid operated pressure regulator. Gas flow

is determined by measuring the differential pressure across

a calibrated orifice. A quartz lamp, mounted inside a toll

of 1/4 inch tubing, is used to heat the incoming gas to the

injector. A Variac controls the lamp temperature. Temper-

atures are read on a multipoint indicator with range of 0 to

1200°F. Camshaft speed is read on an electronic counter

driven from the magnetic pickup on the meter motor.

9.3 Discussion of Tests and Performance and Design

Tests were run on the oxygen injector, using the component

test stand to determine injector static and dynamic flow cali-

bration, component life and to verify the materials selection.
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Static Tests

Figs. 9-3 and 9-4 are the results of static tests performed in

the same manner on the same assembly build-up, except

that a . 015 inch thick poppet retainer spring was used for the

test resulting in Fig. 9-3, and a. 010 inch thick spring, was

used for the test resulting in Fig. 9-4. The free body dia-

grams shown in Fig. 9-5 will aid in understanding of the

discussion which follows. In each test the rocker arm was

adjusted (without poppet retainer spring load), to just touch

the bottom spool of the poppet stem when the poppet was

seated. In both Figs. 9-3 and 9-4 the dial indicator reading

of the poppet and rocker arm position are plotted vs. cam

follower lift. Fig. 9-3 shows that relative high force imparted

by the thick poppet retainer spring caused an initial windup

of the quill shaft, resulting in a delay in poppet opening and

a foreshortening of its lift.

Cam Follower _Cam Follower Spring

Poppet __ Initial Quill Shaft Wind Up Angle In TheRetainer Cam--_ -',_Valve Opening DirecUon Which Must
Spring .... _ ...... _, z_.. T-_, ^ _ _u^ r,__

(?_/_z_Follower End BeforeTheRockerArm

_ _Y /_ Motion Will Exactly Follow The Cam

'_'._.\ // - Spring

C _ I __ S " Rocker Force
___'--- prlng _ Arm f'_

U "\ "//i/i/J" \ Force

_--Rocker Arm _ _ _ Poppets.

__ Poppet Moment _ d

__.,'_1 _. . Due To Poppet

J_"- _ eat Spring Force/ ¢
_.r __'_ Moment DueTo Wind Up Seat

j In The Quill Force/l/ill I •..

Rocker

9-5 - Diagram - Quill Shaft
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Fig. 9-4 shows that the condition is somewhat alleviated by

using the thin spring° The flex pivot_ which supports the

end of the quill shaft in the injector body_ contains blatde

springs which are deflected when the injector is actuated

and the springs apply a twisting torque to the quill shaft°
Differences in the amount c_a::!,direction of preload applied

to the flex pivot when the injector is assembled, and vari-

ations in spring rate from orLe flex pivot to another, produce

changes in injector performance similar to those caused by

the poppet retainer spring° Consiaeri_g the initial ;:_nf::

gradual slope of the existing oxygen cam. it can be seen
that small variations ira the interacting effects_ catrsii_g

twisting of the qmll shaft, can result in iarge variations in

the crank angle of the engine at which injector poppet opens°

Some steps which may be taken, to reduce the quill shaf_

windup are as follows:

Replace the flex pivot with s_me type of low f_iction

(possibly a flame pla_.ecI jotlrnal or k_life edge) bearing°

If this is not success[if an adjustment should be pro-

vided so that the rocke_ arm can be lockea to the flex

pivot after poppet sea_ing adj,._sc.men'_ is made_ so that

no initial preload is appi_ed to the tiex pivot°

o Decrease clearance and reduce tol.e_ :_tnces between the

poppet and rocke_ arm in order to lc_ace the backlash_

and thus reduce the travel of the poppet _etainer spring°

Preferably_ the ciesign sho_:dd be mociified so thai close

tolerances are not required_, and adjustment is made

for proper backlash°

o Arrange the fixed end of the poppet retainer spring so

that it applies minimum preload°
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Fig. 9-6 shows static effect of injector differential pressure

upon the engine crank angle at which the injector opens and

closes. This condition can be reduced by making the poppet

seating area smaller, by increasing the diameter of the quill

shaft and torsion tube, and by increasing the radial rigidity of
the flex pivot. The latter may not be a practical solution.

Another change required to obtain bette:" repeatability of tim-

ing and maximum opening is to tighten clearance between

components and subassemblies of the injector.

Dynamic Tes ts

Fig. 9-7 is a plot of oxygen flow rate vs. injector differential

pressure at 4000 rpm. As can be expected from the above

discussion, calibrations of this type can and do =_ :y _:aewhat

from one injector assembly build-up to another. The curve

demonstrates that the injector is capable of delivering quanti-

ties of oxygen which are adequate for the required power

level of the engine. Flow does increase markedly with dif-

ferential pressure, and the effect of supply pressure on

timi_ng or opening point of the poppet is not great. It should

be noted, however, that the flow calibration was run on the

test stand with an ambient back pressure and that during

engine operation the differential pressure, and thus, the

flow across the injector, is effected by the cylinder pres-

sure as well as the supply pressure. To make flow inde

pendent of cylinder pressure, it would be necessary to

maintain the supply pressure sufficiently high so that cho: :_r:i

flow is obtained for the full injector open time, i.e o, supply

pressure would have to be at least twice any peak combustion

pressure achieved. Itwould not seem practicable to attempt

to maintain completely choked flow; however, it is now deemed
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aclvisable to try a smaller effective orifice area and higher

supply pressure levels than were used during the test

program.

Attempts to control the O/F ratio over a wide range during

engine operation were to a great extent ineffective. For a

particular valve timing arrangement, speed, and hydrogen

supply, variation in oxygen supply pressure did not greatly

effect O/F ratio. When the oxygen pressure was at a high

level, flow would rise rapidly at first, then combustion pres-

sure would rise rapidly and reduce the differential pressure

and flow for the remainder of the injector open time. When

the oxygen supply pressure was at a low level, the combus-

tion pressure rise was less and the oxygen flow rate was more

steady. In other words, the engine, within limits , had a ten-

dency to control its O/F ratio toward a constant value.

Fig. 9-8 is a plot of oxygen flow rate vs. 0 2 supply tempera-

ture. The data were obtained on the injector test stand run-

ning at 4000 rpm, and with a constant A_p of 400 psi. The

curve indicates that flow change is fairly linear with temper-

ature, and includes the effects of both gas density and thermal

expansion of the injector components.
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9.4 Discussion of Problem Areas

9o 4o 1 Summary of Parts Failures

TABLE 9-1

OXYGEN INJECTOR FAILURE MODES

Failure Mode

Cam Follower Wear*

Valve Seat Retainer Failure

LT-1 Valve Guide Failure

Poppet Retainer (Leak Spring) Failure

Inconel X Flex Pivot Failure

Flame Plated Valve (Poppet) Failure

Valve, Guide and Seat Galling, and

Poppet Leakage*

To tal R unning Time

Number of Failures

On Injector

Test Stand

12

1

1

1

On Engine

6

3

1

2

1

1

9

31. I,/4 hrs.

12

15.7 hrs.

hot run

9 hrso

C0 ' __. I' _LI'I

In some cases of cam follower wear and poppet leakage, parts

were reworked and reused after failure.

286



9.4.2 Cam Follower

During the initial engine and injector runs a serious wear

problem was experienced by the cam follower. The original

pivoted oxygen cam follower design had line contact with the

cam, and although it appeared to follow the cam properly

when the engine was turned over by hand, the cam follower

had a tendency to jam into a fixed position with respect to

the rocker arm. This caused point contact at the edge of the

cam when side loads due to dynamic operation were applied to

it. The root of the problem was ultimately traced to improper

dimensioning of the drawing and unfavorable geometric pro-

portion. The problem was eventually solved by replacing the

spherical seat in the follower with a cylindrical seat so that

the follower had lateral freedom to bind its natural position.

Prior to the solution of the cam follower problem, a crowned

follower, which was designed to remain fixed with respect

to the rocker arm, was experimentally evaluated. Wear also

occurred with this design due to its inherently higher contact

loading. By resorting to use of Parker Lubriting of the cam

and follower surfaces, and a gear lubricant with EP additives

(MIL-L-6086B), better wear characteristics were obtained

during engine tests but not during injector stand tests° The

crowned follower allowed considerable amount of engine

testing prior to achieving a more appropriate solution of the

cam follower problem, as described above°

9.4.3 Valve Seat Retainer

The valve seat retainer retains the valve guide as well as

the seat. Five valve seat retainers [ailed during the test
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program. These failures were attributed to fatigue due to

repeated assembly and disassembly° The retainers were

originally made of age hardened Rene' 41: which was too
brittle for the flexing action that occurred during assembly

and "re-setting" after disassembly, Parts later made of 17-7

PH aged at 1050°F did not fail,

9.4.4 Valve Guide and Seal

The original valve grades and seats were of a composite

material, Haynes LT-1, Haynes LT-i is a sintered com-

posite of chromium and aluminum oxides° The brittleness

of this material made it difficult to machine and handle, and

proved to be unsuitable for the injector operating conditions,

Two guides were probably broken during injector operation;

but may have been cracked during assembly° One seat (not

included in Table 9.-I.)was b'coken d_ir':ngassembly. After

a test run with an LT-1 seat and guide, the sea_ was pitted

and pieces of seat were present or_.the poppet.

For the remat:_.der of the program, guides and seats of Haynes

Stellite 25 were asea ana _o more fracture type [aiiu_es

occurred° Wear type failures did continae to occur, and

are described later in Section 9.4.7.

9.4, 5 Poppet Retainer Spring

The retainer springs were originally made of Rene _ 4_ in

thicknesses of . 010 and o 015 inches. Later, springs of

o 010 inch thick 17-7 PH steel were made and eval_m__ed,

One . 010 Rene _ 41 spring and two of the 17--7 PH springs

failed during the test program° In ea, ch case the fractare
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seemed to have started from a machine mark or scratch.

Though it might be concluded that inspection for a smooth

polished spring surface would be sufficient to prevent failure,

it is felt that the spring should be subjected to further study,

and possibly redesigned. The spring serves as a retainer

for the outer end of the poppet and prevents rubbing contact

between the poppet and rocker arm. The retainer spring

should be redesigned to provide a more positive means of

retention of the poppet in the rocker arm, to reduce bending

stress, and to eliminate any rubbing or banging motion be-

tween the spring and the poppet.

In addition to the above, a reduction in the back lash tolerance

between the poppet and the rocker arm will reduce the maxi-

mum deflection of Lhe retainer spring and hhus increase its

cycle life.

9.4.6 Flex Pivot Bearing

Two Iaconel X flex pivots failed after approximately 9 hours of

operation. A permanent set of one of the flexible blades was

noticed prior to one of the failures. Both failed pivots were

examined by a representative of the supplier, and failure

was attributed to excessive deflection. Because the present

design does not provide an acceptable means of knowing if

the pivot has an initial preioad deflection when it is in the

null position, and because the iife of the pivot is a function

of angle through which the pivot is deflected, the failures

were mostlikely the result of an excessive initial preload.

This condition should be corrected by providing an adjust-

meat so the rocker would be locked to the pivot only after

null point is found during assembly of the injector, or by

289



replacement of the flex pivot with another _ype of non-lubricated

bearing.

9.4.7 Valve (Poppet)., Guide, and Seat

The Stellite 25 valve, gaide and seat combination is treated

as one unit or assembly in order to explain the interrelated

patterns of wear or galling.

As a general practice, the valve was hand lapped i _to the seat

prior to assembly, using a rotary motion action with a levi-

gated alumina lapping compound. This created _: _?all type of

seat instead of a line contact° The motion of the valve i_

operation is not in a straight line, so a ve_-y slight rocking

_ction of the poppet end takes place in the grade and seato

After each test run the injector was checked to see if the

valve was still seating° If it was not, the injector was dis-

assembled and the valve, grade, and seat, inspe:ted by a

microscope. It was found that valve and grade wear created

extra clearance that allowed the valve to contact the valve

seat off center, and cause the seat to become egg-shapedo

The guide riding area of the valve would sometimes be

galled or chattered, and the g_aide: bearing surfaces wo_ld be

worn and sh:_htly galled,, The seat would be galled on the

elongated side ot the egg-shaped seato

Many times, the valve would be lapped into the se_ again,

and the same valve, guide, and seat reusea for another r ar_o

This procedure would suffice for a while because the valve

was seated further into the seat and allowed an unused s_ar-

face of the valve to slide in the guide, and thus to some ex-

tent reduce (approximately one-half), the clea_ar_ce between

the guide and the poppet. It should _e noted that leakage of
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the valve tended to occur sooner each time parts were reused,

and this became a problem toward the end of the test program,

due to a shortage of usefal parts° Macro photographs of a re-

used poppeL guide and seat are shown in Figs° 9-9, 9-10, and

9-11, respectivelyo

It was suspected that part of the wear between the valve and

guide was due to small concentricity mlsa_lgL.:._:neat res_xtting

from the use of a separate seat and guide° By lapping the

poppet to the seat after the guide was pressed onto the seat

(as it is in the injector assembly), the operational life De[ore

leakage was doubled°

The seating area o[ one poppet was given a flame-plate coating

of LW-5 (25% WC + 7% N i + mixed W-C carbides)° During test,

the flame plate coating separated from the poppet after approxi-

mately 2 1/2 hours of hot_ engine running time° The plated

coating appeared to have come oK ia almost one pieceo Inspec-

Lion revealed that the coating had provided aa excellent sea_ing

surface area and a good bearing surface to1 _he gmaeo t_a_.:mg

did not occuro By coincidence, the failare occ_tired when the

engine head temperature (i_.00. F) was equal to the maximam

rated operation temperature of the LW-5 coating in an oxidiz-

ing atmosphereo The failure was attributed to a combination

o_ thermal and impact shock in conlancAon with too thick

a build-up of the plating material at the end of the poppet°

A coating of approximateiy o 002 inches was desired; however,

**'" actual +_-"-' ...... • the ...... + _"

o 010 and o 020 inches°

The hardware problems described above are considered to

be the most series enco _ntered during the inlector test pro-

gram. The following design changes are saggested [or
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Fig. 9-9 - Reused Valve (Poppet) 

Fig. 9-10 - Reused Valve Guide 
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Fig. 9-11 - Reused Valve Seat 



further development.

. Provide a one-piece guide and seat (cylindrical guide and

conical seat), with a poppet which has flats ground on its

sides to provide gas flow area, but with sufficient

cylindrical surface left for contact with the guide.

o Evaluate several different flame plate coatings on the

poppet seating and guiding surface.

o Reduce the backlash clearance between the poppet

and rocker arm.

4_ If performance consideration permits9 reduce poppet

lift and change the cam profile to reduce the seating

force on the poppet°
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10.0 EXPERIMENTAL REGENERATOR TEST PROGRAM

10.1 Summary

During the regenerator test program a total of 4o 48 hour's of

running time was accumulated° Though exhaust temperatures

were below design l evel_ and testing was hampered by large

amounts of condensed steam because of high back pressure

(15 psia vs. 1 psia design value)_ it was possible to deduce

from data obtained that the design approach_ based on a

steady flow of 10 times maximum mean rated flow_ was

very conservatlve_ and a smaller regenerator with less heat

transfer surface could be used° Pressure drops across both

the exhaust and hydrogen sides of the regenerator were

negligible. Icing at the cold end of the regenerator presented

no flow restriction pro_:!ems during tests although ice did

appear during warm up on one test run°

It is advisable to postpone further regenerator tests at this

time until: (1) engine performance is improved so higher

exhaust tempera[ures can _= ,_,.,,,=v=_,_,-2_...... b .............

porting is redesigned to reduce heat loss from the exhaust

gas (3) a vacuum facility is available to reduce back pressure°

10.2 Test Equipment and Instrumentation

The regenerator a.n.d associated test equipment were added to

the engine test stand? as shown schematically in Fig° 10-1o

The engine exhaust was connected to the regenerator with

an insulated line equipped with a drain valve foz _ sampling

the exhaust condensateo Exhaust irom the rege;mrator was
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vented to atmosphere. The hydrogen gas from the gas press-

ure control system was first run through a cooling coil im-

mersed in a dewar of liquid nitrogen, then into the cold end

of the regenerator tube coils, and from the regenerator into

the hydrogen inlet valve of the engine.

Except for the additional temperature measurements required

to determine regenerator performance the normal instrumen-

tation and control systems used for testing the engine were

also used for regenerator testing.

Photographs of the regenerator test setup are shown in

Figs. 10-2 and 10-3.

Pressure drop vs. flow rate tests were run with hydrogen

on both the exhaust and hydrogen side of the regenerator,

shown schematically in Fig. 10-4.

as
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Fig. 10-4 - Schematic - Pressure Drop vs. Flow Rate Test

298



TABLE 10-1.

REGENERATOR TEST INSTRUMENTATION SPECIFICATIONS

Ident. Function R ang.¢ Accuracy Mfr. No______.

A Temp. -400 to ±1% Wheelco 8016-2500

+ 100=F

Thermocouple Locations

1 - Hydrogen gas cold end

2 -No.

3 -No.

4 -No.

5 -No.

3 tube cold end

5 tube middle

3 tube middle

1 tube middle

B Temp.

2-

3-

4-

5-

6-

7-

8-

9-

Exhaust gas hot end

Exhaust gas middle

Exhaust gas cold end

No. 1 tube middle

No. 3 tube middle

No. 5 tube middle

No. 3 tube hot end

Hydrogen gas hot end

No. 3 tube cold end

0-1200°F ±1/2% Honeywell 156X63-PSI2
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10.3 Discussion of Tests and Test Results

The test data was subject to discrepancies that preclude ex-

plicit evaluation of heat transfer coefficients° Run 1_ during

which inlet hydrogen was precooled with liquid nitrogen and

Run 2, during which ambient hydrogen was supplied to the

regenerator, indicated thet condensate was recircu.latAng

throughout the regenerator° These tests were not evaluated_

but water samples were collected for evaluation during these

runs° Icing occurred on the last coil during warm up of

Run 1o The ice layer was very thin and did not appear to

inhibit flow of the exhaust gas° Duri_g Runs 3_ 4_ 5_ and 6_

the inlet hydrogen was preheated elect_']cally to raise the

lowest temperature in the regenerar_ -"alcove the dew point

for the partial pressure of the steam in the engine exhaust

gas.

On many of the data points taken dux'ing runs 3 through 6. the

exhaust gas temperature was observed to be coldex than the

hydrogen temperature at the cold end of the regenerator° If

there is no gas leakage or secondary heat sink_ a thermal

balance between hydrogen and its combustion exhaust products

should reflect a higher exhaust products thermal capactty rate
0

(l_CPex>WCpH2) , which impL_s that hot end diffei°ential temp-

erature should be less than the cold end differential temperature°

For example, assume that the engine is using two ¢2) pounds of

oxygen and one (1) pound of hydrogen per hou,_'o The thermal

capacity rate of the hydrogen side of the regenera:_.cr is 3o 42

BTU per hour per °F (WH2Cp:: -:: 1 x 3° 42)° The the_'mal
2

capacity rate of the exha,Jst side of the regenerator is 3° 6 BTU

per hour per °F_"
o o ¢_

We_ apex= WHzCpN_÷ W_IZO CpHTO= "_4 _ 5.,_ + 2_'4. _ .46 _ 3.6
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If all the heat lost by the exhaust is transfer_,ed to the hy.°
drogen_ the temperature change of the hydrogen must be

greater than the temperature change of the exhaust
o

--- X°&t. )'__H2CpH z_LHz-'w_xCpexht'eg:]'a2_tN2 S'5_t e N_ _ex

Since the overall rate of temperature change with respect

to regenerator length is greater fo_ hydrogen than for the

exhaust_ and since at any point in the regenerator, the hydro.-

gen temperature will be lower than the exhaust temperature_

the temperature difference .Jetween the two fluids must be

smallest at the hot end of the regenerator (see Fig° 10 °5)°

The fact that the data showed the cold end differ enttal to be

minimum indicates either exhaust gas leakage upstream of the

regenerator_ the presence of a secondary heat sink at lower

temperature than the hydrogen_ or both° The fact that the

exhaust gas temperatu_'e was lower' than the hydrogen temp...

eratuze at the cold end oI the _ egenerator definitely indicates

the presence of a secondary heat sink,_ s_ch as water' evapor-.

ationo It was reaiized_ that though the hydrogen had been pre-

heated sufficiently to ma.LF_ta_n the cold end hydrogen tube

t__mperature above dew poinL water condensed in the non...

insulated duct., whtch was used to carry the exhaust gas from

test cell_ could run back into the exhaust port oi the regenerator'

and revaporlze in the locaU.on where the exhaust gas exit

temperature is measured_ and thus drop its temperature

below that of the inlet hydrogen temperature° The fact that

at some of the data points_ the cold end tube temperature

was equal to the hydrogen inlet temperature,, and for other s_

was somewhat lower, than inlet hydrogen temperature_ indicates

that the condensate recirculatton condition existed somewhat

down into the area of the cold end hydrogen co_lso Fo_ the

above reason_ it was concluded that the condensate recircu_

latton did not extend as far down as the m_ddle of the
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regenerator, and heat transfer coefficients were calculated

for the hot half of the regenerator onlyo

This was done by considering actual test readings of the hot

end exhaust gas temperature, the middle exhaust gas temp-

erature, and the hot end hydrogen temperature; and assuming

the heat capacity of the exhaust side equal to the hydrogen

side, and calculating the middle hydrogen temperature, the

log mean temperature difference, and the heat transfer co-

efficient. A tabulation of heat transfer coefficients calculated

by this method are compiled below:

Ru____n Data Point Heat Transfer Coefficient (

3 8550 6.0

4 8570 5.85

6 1:45 6° 12

6 8636 6o 45

BTU

hr. ft 2-°F

For comparison, a theoretical heat transfer coefficient of

8.54 BTU per hro -ft2-°F was calculated for the regenerator

(for its present physical configuration)_ assuming a thermal

transfer capacity of 5840 BTU per hro with a steady hydrogen

flow rate of 1° 41 lb/hro _ an O2/H 2 weight ratio of 2.0_ and

a log mean temperature difference of 188°F. The original

design was determined by a heat transIer coefficient of

29 BTU per hro -ft2-°F_ which was calculated_ assuming a

square wave pulse in which 10 times the mean flow is pass-

ing only 1/10 of the time. This condition was assumed since

the exhaust ports are open only during approximately 30 °

per revolution. A steady state flow level_ which would trans-

mit the same amount of heat per unit time_ would require a
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coefficient of only 2o9 BTU/hro--ft2.-°Fo (In the first case_

no heat is being transferred during the 9/10 of the time

that no flow occurs. )

Though realizing that test data were not at design conditions

(flow rate, O2/H 2 ratio_ and temperature levels)_ the fact
that the test values (nominally approximately equal to 6)_ of
heat transfer coefficient are closer to the 8o54 value than to

the 2.9 value° indicates that the or:sinai design approach

was conservative, ioeo, the regenerator has more heat trans-

fer surface area than necessary°

Hindsight indicates that the condensate recirculation pro'_ _em

would have been less severe, and somewhat better results

could have been obtained had the regenera'_.:_r been hung with

the hot end up and the cold end down° It was hung with the

cold end up to obtain the shortest possible exhaust gas line

from the engine, for ease of instailation_ to collect a water

sample, and to prevent fouling from engine oiio

Though the pressure drop VSo flow rate tests were not run at

flows as high as 10 times rated flow, the results indicate that

the pressure drops are negligible° On the exhaust side, which

can effect engine performance most, the highest flo_ rate was

6.06 lb/hr, of hydrogen and the pressure drop was 0o 011 psi°

A maximum pressure drop of 1.93 psi was obtained on the

hydrogen side of the regenerator for a hydrogen flow rate of

6.89 lbs/hr. It should be noted, that to prevent the breaking

of a critical joint and incurring leakage later, the 5 P of the

hydrogen side was measured across the regenerator in series

with a 10-foot length of line, which shou!Li have a pressure
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drop of the same order of magnitude pressure drop as the

regenerator itself.

Further testing of the regenerator' should be postponed until_

(1) the engine performance is improved to the point that higher

exhaust temperatures are achieved and (2) until the engine ex-

haust ports are changed_ to prevent the loss of heat to cooler

areas of the engine before the exhaust gas is delivered to the

regenerator° It was realized during the test program that

actual size and weight of the heat exchanger will have a r'ela.-

tlvely minor effect upon the temperature to which the hydrogen

is raised_ compared to the effect resulting from the method

the exhaust gas is transported from the cylinder to the regen-

erator; io e o _ no matter how well the regenerator is designed_

it cannot heat the hydrogen if the temperature of the exhaust

gas is lost before it gets to the regenei atoro

The water samples collected during _un number's 1 and 2 were

sent to the Smith-Emery Company fo_ analysis° The oil was

extracted from the sample_ the solids were allowed to settle

out_ and a portion of the Iemaining water was anaiyzedo The

Smith-Emery report i.s shown as Fig° 10-.6. Though it may be

possible to put this type water to some use aboard a space

vehicle_it should not be considered ior drinking because of the

borate content. The impurities found ia the water can be

attributed mainly to the engine lubricathon oil and matter re-

suiting l_-um _,tu_ _tuu,, of the ......... _....

In order to obtain a clear water sample on board a space

vehicle from a fluid similar to the one extracted during the

test_ it would be necessary to cent_i.fuge and/or filter° In
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any event it is felt that engine oii consumption will be re-

duced and the cleanliness of the system will be improved

in the flight weight system.
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11.0 EXP ERIMENTAL COMPRESSOR TES T PROGRAM

ii.i Summary

During the compressor test program the compressor test

hardware, the compressor test facility, and instrumentation

were developed. A total of 11.6 hours of compressor running

time was accumulated. Four different piston compression rings

were evaluated in the first stage of the compressor. Perform-

ance was poor in each case, however, the "T" type rings

supplied by Mace Corp. showed the most promise.

The following conclusions were drawn from the compressor

test program;

le Flexural members should not be used in the compressor

drive linkage for the following reasons:

ae

bB

Co

do

Adequate fatigue life will probably require more

extensive development than other design solutions°

Non-lubricated, non-flexural drives can be con-

structed, and the bearing problems should be

less severe than those of the compressor piston

rings. For a single stage compressor the drive

linkage can be external and lubricated.

The flexural pivot originally recommended and now

in use, according to the vendor's more recent

test daB, will not meet the required cycle life.

The flexural drive members_ particularly the

flex pivot, deflect considerably as a function of

load in the direction of piston travel. This
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condition causes the clearance volume to vary with

discharge pressure and speed from the value to which

was adjusted statically, and thus makes performance

difficult to evaluate.

. New test fixtures and test hardware should be fabri-

cated !::_ facilitate use of the existing compressor

hardware for development tests on piston rings and

ring _rooves, valving, and drive mechanism prior

to performance testing of a complete compressor unit.

. Every effort should be made to achieve the desired

compression ratio in a single stage hydrogen com-

pressor because thermodynamic efficiency advantage

is not obtained by staging when the interstage temper-

ature is below ambient.

11.2 Test Set-Up and Instrumentation

The compressor test facility is shown schematically in

Fig. 11-1. The test circuit consists of the following items:

A three-way solenoid valve to select nitrogen or hydrogen gas,

a pressure regulator to control upst_:::.-_m orifice pressure, a

10-micron filter, the iniet/low meas_;tring orifice, a low pres-

sure regulator to control compresso_ inlet pressure: a liquid

nitrogen-to-gas cooling coil, a mercury man(_:,_:ter to measure

absolute inlet pressure, vaiving to allow compressor case

leakage to be vented through a fiow meter or return it to the

first stage inlet line, pressure gages to measure case

pressure, interstage pressure, and outlet pressure, an

acc_r.stic filter to dampen flow pulsations on the outlet line,
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and a load valve to control outlet flow and pressure. Drive

power is supplied by a hydraulic power supply through a

hydraulic motor and a 0 to 200 inch-lb, torque pick-up,

incorporating a magnetic speed F_ckup°

Instrumentation for speed, torq_e_ and temperatures is

listed in Table 11-1 and in Fig. 11-1o

TABLE 11-1

COMPRESSOR TES T INS TRUMENTATION SP EC IFIC ATIONS

Ident.

A

B

C

D

E

Function Rang_¢ Accuracy _ No,

rpm 0-i00,000 _:1 rpm Erie

Overspeed 1009 000 rpm + 1% Hewlett-

Control Packard

Torque 0-100 lb. + 1/4% Vickers

Tempo 0 to 1200°F _ 1/2)7, Honeywell

Temp. -400 ° to + 1% Wheelco

Pressure gage accuracies - 1/4 of 1% of full scale

720

500B

54616-X

156X63-PSI2

8016-2500

Fig. 11-2 is a photograph o_ the instrumentation set-up and

Fig° 11-3 is a view of the compressor test stand°

11.3 Discussion of Tests

A total of 11.6 hours of compressor running time was accum-

Mated during the test program,, One quarter hour of this time
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was for checkout of the test stand drive cirCmto During the

remainder of the time, the first stage of the compressor

was evaluated with the second stage head removed° The first

1 1/2 hours of first stage operation was with nitrogen and the

remainder was with hydrogen at speeds from 1000 to 4000 rpmo

Four (4) types of piston compression rings were evaluated°

The rings are described in Table 11-2 and are shown in

Figs. 11-4 through 11-.7o

TABLE 11-2

PISTON COMPRESSION RINGS

C o m_aa X T___Txp__e Ma te rial

Koppers Co mpany Rectangular cross section;

wide in the axial dlr'ec_on

with .__flat cross section steel

expander ring°

Glass filled teflon

Cook Company Same as Above Same as Above

Mace Corporation Two rectangular cross section

rings: marrow in the axial

direction, separated and re-

tained by a KeI-F tee shaped

expander ring°

Virgin teflon

Mace Corporation Same as Above "Flaoroloy"

(Teflon base; mix-

tare contains glass_

iron oxide and

mo lydis ulfid e)o
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1st Stage

0
X610062

Rider Ring

2nd 8*age

X610055

Seat Ring ©
X610056

X(i10059

Fig. 11-4 - Koppers Piston Compression Rings

COOK RINGS

Glass Filled Teflon

1st Stage

0 Rider Ring

2nd Stage

0

X610063 X610066

C) Seal Ring 0

X610057 X510060

Fig. 11-5 - Cook Piston Compression Rings
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Fig, 11-6 - Mace Piston Compression Rings (Teflon) 

1st Stage 

SK 13405-1 

Rider  Ring 

2nd S13se 

SK 13406 - 1 

Seal Ring 

XG 1059 X610593 

Fig. 11-7 - Mace Piston Compression Rings (Fluoroloy) 
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Koppers one piece piston rings of glass filled teflon with metal

expander rings were used on the first compressor assembly° The

first set of these rings was damaged d,_ring assembly and would

not sealo A new set of Koppers rings was fitted into a cylinder

bore and the fit observed against a light° This inspection re--

vealed that from 5 to 10% of peripheral ring surface would

have to be worn away before a satisfactory seal could be ex-

pectedo Because of a failure (described latel)9 which damaged

the only finished piston with the proper ring groove dimensions_

all work with Koppers rings was discontinded at this point° A

second piston assembly was installed9 using glass filled teflon

Cook rings of the same configuration b_ diffel<en[ dimensions°

The Cook rings gave a much better seal to the cylinder wall.

but a very short duration break-in Iun produced a !arge qaantity

of white powder worn from the rings._ packect in She space be-

tween the ring and groove° This pa.__.ic,ulargrade of glass

filled teflon appeared to be unsmtaDle fOl 1.hisapplicahono

Testing with the Cook rings was cliscontin,_led anci Mace Tee

rings_ designed to fit the same ring grooves_ wele tested

on the same piston assembly. The Tee ring ,ased a Ke_-F0

Tee shaped expander with two virgi._i teflor_ seal rings° Glass_

iron oxide_ and molydisulfide filled teflo_ (fltuolo]o:¢) seal rings

were also tested on the KeI-F expande_ Tee I:ingo

Cook rider rings were used during _he initial eval_aatlon of the

Mace seal rings° After a rest l'im the space between first stage

seal rings and groove were packed -with po_vder from r.heCook

rider ring° During the tesL ring leakage incI'eased rapidly

with time. Part of the aegradatlon was at_,libuted to the relative-,

ly rough (10 to 1.6 micro inch RIVIS)_ suriace finish o[ the cylinder

bore (recommended [or the Coo'_::and Koppels ring)° The Mace

31,8



seal rings were then tested with Fluoroloy rider rings, and with a

cylinder bore finish of 2 to 4 micro inch RMS. After the tests it

was found that the Kel-F Tee expander was not holding the seal

ring against first stage cylinder bore. The seal ring thickness

was reduced to allow pressure to build up under expander ring.

This did not reduce leakage.

Although satisfactory performance was not obtained with

Mace rings during first stage operation, it is believed that

they can be made to seal properly by increasing the depth of

seal ring grooves to allow for addition of a metallic expander

beneath the KeI-F Tee ring (this is a recommended practice

with Mace type rings). This was not done initially because of

the time delay required to remachine the piston, and the piston

could not be used with Cook rings after machining. The Mace

rings were tested before the actual test run by placing the palm

of the hand or a plastic film over the end of the open cylinder

and moving the piston° They exhibited excellent static sealing

properties during this check, while the Cook and Koppers

rings demonstrated almost no compression during similar

tests. The Mace second state rings were run in the compres-

sor unloaded (with head off), while the first stage was being

run for evaluation of the Mace first stage rings. After com-

pletion of the test runs, both the first and second stage rings

were subjected to the static compression test° The first stage

rings had lost their sealing ability, but the static compression

of the second stage rings was still excellent° The fact that

the second stage rings were not loaded during test may have

contributed to the results of the test, but it is believed that

the retension of sealing ability of the second stage ring was

due to their smaller diameter and stiffer Kel-F Tee expander

ring.

319



After approximately 11 hours of first stage runmng_ both the

first and second stages were run in series° The wire cage

drive assembly failed before a complete set of data could be
taken; however, pressures were observed to be approximately

as follows; 15 psia inlet_ 50 psig first stage outlet_ and 800 psig

second stage outlet. These pressures indicate that second stage

performance was much superior to first stage performances,

11.4 Failures

In addition to the piston ring failures previously described,

two major hardware failures occurred during the compressor

test program. During Run No. 2: while the compressor first

stage was being run at 4000 rpm: vibration caused loosening of

the screw holding the piston to the flex drive assemb:tyo The

piston hit the cylinder head_ causing failure of the test stand

drive linkage.° the piston_ the flex pivot: and the wire cage

assembly.

The failure of the wire cage drive assembly duri_::i two stage

operation of the compressor is attributed to high outside

fiber stress at the base of the wire columns° Daring '_e

second stage compressior, stroke the wire cage assembly is

loaded in both tension and bending. Though the wire cage

assembly does not lend itself to an exact stress analysis_

it was conservatively assumed that the force due to a 800

psig second stage pressure, only, was equally distributed

among the nine cage assembly wires and the wires were

fixed at piston junction end, and that the tension and deflec-

Lion loads were applied through at pin connection at the other

end. Analysis based on the above assumptions indicated

that the outside fiber stress of the wires w:_,_tld be beyond y_<:ido

The failed wire cage assembly is shown in Fig. 1.1--8o
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Fig. 11-8 - Failed Wire Cage Assembly 

Some minor redesign and rework was done on the f i r s t  stage 
outlet valve to prevent poppet s t i c k i q  arid leakage to inlet. 
For future testing, the f i rs t  stage cylinder head design should 
be changed so there is no possibility of leakage from the dis- 
charge passage to the ide i  passage, ax! so the inlet, outlet, 
and relief valves can be developed as separate units. 

When it was '--..--A led1 f ,  m r n  -.-- the _-  - Bendix Corporation that their 
recent test data indicated that the life expectancy of the flex 
pivot would be considerably less than the original estimate, 
a floating piston pin assembly (shown in Fig. 11-9), consisting 
of a nitrited stainless steel pin and teflon filled bronze bushings, 
was designed and fabricated to replace it.  The wi re  cage 
assembly failed before this design could be evaluated. After 
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Fig. 11-9 - Floating Piston Pin Assembly
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the failure of the wire cage, it was decided that all flexural

members should be removed from the compressor drive

mechanism. In addition to the life limitation of flexural

me:nbers, the property o£ center deflection under load makes

them undesirable. Bendix indicated that the larger pivot now

recommended to meet the life requirement would have a center

deflection of approximately . 007 inch under first stage com-

pression load. The deflection under load data of the pivot

now being used was not available. In any event, deflection

of. 005 to . 010 inch will greatly effect the clearance volume

and discharge pressure o£ the compressor.

The adaptability of the present compressor components, and the

addition of a few new components and test fixtures, will allow

for separate development of the drive linkage, rings, and

valviag, as is now deemed advisable.
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APPENDIX A

STATEMENT OF WORK

I. OBJECTIVE:

The purpose of this program is to conduct an engineering study culminating

in a layout of an auxiliary electric power generation supply system

representing an optimization of the factors derived in the study program,

and to develop and test selected components.

2. REQUIREMENTS:

The Contractor shall perform engineering studies, design, fabrication,

and test work on the development of an auxiliary electric power generation supply

system employing a hydrogen-oxygen internal combustion engine as a prime mover,

capable of reliable operation under zero g conditions for a minimum of 350 hours,

and under conditions of shock and vibration imposed by a typical space vehicle;

having an averase power output of 2 kw, and a peak of 3 kw; be£n8 able to accept

propellants either from its own primary tankage, from propulsion tank boil-off,

or from propulsion tank residualgas-llquid mixture.

The basic design philosophy shall be guided by three considerations:

reliability, simplicity and minimum weight penalty on the propulsion system

for earth take off.

The wor_ shall be conducted in close coordination with work currently

being carried out under Air Force Contract for the development of a similar

engine. Work on this Contract shall not, except as specifically requested,

duplicate work on the Air Force Contract, but shall be carried out 60 that the

latter will augment the development of the NASA engine.

In order to carry out the required engineering study, it is recognized
that the need exists for certain data which cannot be derived by analytical

methods. In those instances where empirical methods are required, the Contrac-

tor shall design, fabricate, assemble, and operate for testing purposes the

simplest possible apparatus commensurate with the test objectives. It is not

the intent of these tests to develop refined "hardware", but rather to provide

the essential empirical information required to supplement the analytical

studies. Areas where empirical studies may be required include:

a) demonstration of feasibility of those items which are basic to

system operation

b) Obtaining applicable data otherwise unobtainable, but essential to

the preliminary design effect

c) obtaining operating experience

The Contractor shall conduct the study and development program

essentially as outlined in Palagraph 2.2 of this EXHIBIT "_'.
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2.2 SPECIFICREqUIREME S"

TASK_I___IANALYTICAL .AND DESIG N STUDIES

The Contractor shall:

ae Perform Parametric Studies to determine the effect of propellant

supply conditions, (temperature, pressure, quality, mixture

ratio, mission duration and quantitative availability) on:

I. System configurations

2. System weight and volume

3. B.S.P.C.

4. Total cha,_eable propellant consumption for mission

5. Total propellant consumption for mission

6. Engine types -
a. Pressure fed - internal combustion

b. Internal compression - internal combustion

c. External combustion

7. Component requirements

!. Earth-to-Tmanar

2. Earth Orbital

3. Lunar Roving Vehicle

C. Perform Preliminary Design Studies, including layouts, material

s,election, stress analysis and drive system of:

1 _=_=O=A- co..-,4_essor

2. Oxygen compressor

3. Oxygen injector

D. Study Power Modulation Techniques

I. Variable pressure

2. Variable opening of valves

3. Variable phasing of valves

4. Multiphase oxygen injection

5. Variable stroke

6. Variable clearance volume

7. Combinations of above

8. Other techniques
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E. Design and/or select control components

I. FRxture ratio control

2. Propellant pressure regulator

3. Speed governor

4. Temperature control

5. Compressor control

6. Pilot control and over£de

F. Perform Engine Configuration Studies

Ga

I. Cooling system

a. Utilization of on-board cooling loop

b. Hydrogen cooling

2. Injector location and orientation

3. Minimization of heat rejection

4. Lubrication system design for zero g

5. Dynamic balancing

6. Vibration isolation

Perform Regenerator Design Study, including thermal analysis

for maximum effectiveness, materials review and stress analysis.

H. Perform Design Study of Electrical Components

Io

J.

I. Generator

a. Cooling

b. Speed

c. Frequency

d. Overload protection

e. Regulation of voltage and frequency

f. Shielding

Design Shielded Ignition System

Perform Starter Design Study

I. Start-up and shut-down

K. Perform Control System Studies

io

2.
Synthesis of Control System

Analog Computer Study for:

a. Response to load changes

b. Stability

c. Data generation for control components

d. Control sensor determination

326



/ L. Perform Preliminary Reliability and Failure Studies

i. Estimate M.T.B.F. for significant components

2. Determine redundancy requir_m_ents

3. Failure analysis

a. Failure mode and frequency estimates

b. Identification of catastrophic failure

c. Effect of various modes of failure

4. Recommend fail-safe techniques

M. Perform System Design

I. System Assembly drawing

2. Functional Schematic drawing showing temperatures and

pressures at critical points

3. Flow Diagram

4. Control schematic

5. Electrical schematic

6. Wooden mock-up of flight weight system

TASK !i M__-!'_._.i@.L-wg.0B_._.I_

The Contractor shall provide the serviues of a materials e_ert to select

and evaluate appropriate materials and study component failures as a

materials problem.

TASK llI PROTOTYPE DESIGN I FABRICATIONI.[AND TESTING OF CRITICAL COMPONENTS

The Contractor shall:

A. Design, build and test compressor (leakage, friction, lubri-

cation tests and efficiency tests)

B. Deslgn, build and test regenerator

I. Determine effectiveness

2. Demonstrate structural integrity at design temperature

distribution

Co Build new engine to Air Force Aeronautical Systems Division

drawing, except that improvements based on Air Force Aeronautical

Systems Division tests shall be incorporated.

327



Do Perform tests contingent upon results of Air Force Aero-

nautical Systems Division program, and such findings as
are available from the results of Task I Studies. Measure-

ments shall be made as required to produce relevant informa-
tion such:_s:

I. cylinder heat rejection data
2. Indicator card data

3. Operating capability at 0, 25%, 50%, 75%, 100% and 150%

rated shaft power output

4. Engine friction data

5. BSPC as a function of load and mixture ratio

6. Temperature and pressure data

7. Preignition and/or Detonation data.

E. Initiate development towards:

Fo

G.

I. Reducing frictionlosses

2. Reducing cylinder heat rejection

3. Increasing engine temperature

4. Reducing flow losses

Design, build, and test an oxygen injector configuration

Perform analysis of specimens of _ater collected from the

exhaust to determine suitability for on-board use or crew

consumption.
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APPENDIX C

ELECTRICAL COMPONENT SPECIFICATIONS

i. Alternating Current:

Voltage - 120/208 RMS 3 phase 4 wire

Frequency - 400 cps nominal ± . 5% steady state

Rating - 3.0 KVA average continuous

Power Factor - . 75 lagging to 1.0

Overload - 4.5 KVA at . 75 power factor for 10 minutes

Short circuit capacity - 3 p.u. current on 3 phase fault

Voltage Regulation - ±2 volts phase to neutral steady state

Voltage setting - 115/200 at bus

Voltage unbalance - Balanced load + 1%

Unbalanced load per MIL-G-6099A

(ASG) Ammendment - 1 dated 15

April 1958 Paragraph 4.5o 10.1

e_:cept load unbalance limited to 1/3.

Wave form - Total harmonic distortion 4% maximum to

and including 7th harmonic at full rated load . 75 power

factor line to line and line to neutral. No harmonic

shall exceed 3%.

Voltage regulation transient response - Per MIL-G-

6099A (ASG) Amendment 1 dated 15 April 1958

Paragraph 4.5.7.1 except the time base seconds

shall be two times the values shown in Fig. 8 of

MIL-G-6099A (ASG) Amendment 1 dated 15 April

1958.

Efficiency - 90% at full load . 75 power factor including

excitation source and regulator losses.



Cooling - The alternator shall be cooled by glycol

circulation through a heat exchanger located within

the alternator case. An atmosphere of 1 to 2 psia

comprised of hydrogen and water vapor shall be

admitted to the alternator case through a partial

seal from the engine crankcase at 150°F maximum.

The alternator elements shall be cooled by con-

duction to the enclosed atmosphere and thence to

the heat exchanger° The circulative glycol inlet

temperature shall be regulated within the limits

of 35°F to50°F atl to2 gpmflow. Hot spot

temperatures of the alternator windings shall not

exceed 130°C, NEMA Class B. No electrical in-

sulation of a temperature class inferior to class

B shall be employed°
_Radiolilts11=1 =,,_.= ........................

Control Requirements for Minuteman (WS-133B) GM

07-59-2617A AFBSD exhibit 62-87 15 June 1962 (un-

(Document GM 07-59-2617A is an electrical interfer-

ence control specification to be primarily applied to

the design and development of WS-133A equipment.

The document not only establishes standards of per-

formance to be met, but also contains design require-

ments and design guides° By omitting reference to

the design requirements, this document may be used

to test existing equipment for compliance with the

interference limits given. This document is derived

from Specification MIL-I-26600_ "Interference Control

Requirements, Aeronautical Equipment". The primary

purpose of GM 07-59-2617A has been to add lov7 fre-

quency interference limits and test methods and to

eliminate short duration allowance. )
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Voltage taps - 3 phase 4 wire 115 volts phase to phase

at 1.0 rated p. u. current per phase at two times

percent voltage regulation, non-simultaneously, or

any combination of loads not exceeding 1.0 rated p. u.

current per phase.

2. Direct Current:

Voltage - 27.0 nominal

Rating - 8.0 amperes average continuous

Overload - 12.0 amperes for 30 minutes

Short circuit capacity - 50.0 amperes

Voltage Regulation - +2.0 volts

Response time - 0

Efficiency - 50% or better

Cooling - Glycol circulation through heat exchanger

with engine crankcase atmosphere

Radio Interference - To limits of GM 07-59-2617A

Battery - Silver Cadmium
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ENGINE EQUATIONS FOR LINEAR ANALOG AND ORIGINAL COMPUTER

{Otto cycle representstton)

Engine Equations

f _EP = C oJ 9
f z/_-P : (_l.,',,.rn/

-- X_Tij/2>,.

_,P.h,

);2
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LIST OF SYMBOLS

S _mb ol

A

a

B

b

BSPC

BMEP

C

Cp

C v

D

DF

FMEP

h

He

hp or HP

HP s

H 2

IMEP

ISPC

K

k

MW

O/F

O 2

Pe

Pi

Description

Piston Area

Piston Admission

Cylinder Bore

Percent Compression

Brake Specific Propellant Consumption

Brake Mean Effective Pressure

Clearance Volume

Specific Heat for Constant Pressure Process

Specific Heat for Constant Volume Process

Displacement in Cubic Inches

Diagram Factor

Friction Mean Effective Pressure

Film Coefficient

Helium

Horsepower

Specific Horsepower

Hydrogen

Idealized Mean Effective Pressure

Ideal Specific Propellant Consumption

Thermal Conductivity

Ratio of Specific Heat

Molecular Weight

Oxidizer ._ Fuel Ratio (Oxygen/Hydrogen)

Oxygen

Exhaust Pressure

Hydrogen Inlet Pressure

Units

in 2

Percent of Dspl.

ino

Percent of Dsplo

lb/hp-hr

psi

Percent of Dspl,

BTU/Ib °F

BTU/lb °F

in 3

psi

BTU/hr °F ft 2

HP

HPAn 3

psi

Ib/hp-hr

BTU ft/hr "F ft2

lb/mole

15/15

psi

psi
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LIST OF SYMBOLS

.Symbol Description Unit

Pr

P1

Q

q

qc

Qo 2
R

SPC

TDC

T e

TH2 i

T i

Tm e

T W

T.
-1

U

V

'_T7
¥¥

Wi

X

Y

_T

_,T c

n.c

rl.th

rtx
rtl

P

Prandtl Number

Theoretical C ombus tion Press ure psi

Heat of Combustion per Pound of Reactants BTU/Ib

Rate of Heat Transfer BTU/hr

Cylinder Heat Rejection BTU/hr

Heat Release per Pound of Oxygen BTU/Ib

Gas Constant ft/oR

Specific Propellant Cons amp Lion lb/kwh

Top Dead C enter

Maximum Exhaust Temperature oR

Hydrogen Inlet Temperature from Storage Rank °R

Hydrogen Inlet Temperature to Engine °R

Mean Expansion Temperature oR

Cylinder Wall Temperature oR

Maximum Temperature oR

Pis ton Speed ft/min

Cylinder Volume in 3

Work per Cycle ft/lbs

Propellant Weight per Cycie lbs/cycle

Cylinder Heat Rejection

Heat Extraction "Weighting" Factor

Tm e - T w oR

Change in Temperature Due to Combustion °R

Co repression Efficiency

Mechanical Efficiency

Thermal Efficiency

Cycle Thermal Efficiency

Cycle Efficiency at qc = 0

Expander Efficiency Related to an Infinite Expansion Ratio

Viscosity lb-sec/ft 2

Density lb/ft 3
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